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Abstract 
Abstract 
This th~sis investigates the effect of the human hand and metallic jewellery items 
worn on the human head and hand on SAR and on the antenna radiation patterns at 
900 and 1900 MHz. The field excitation is provided by means of a A./4 monopole 
antenna on top of a metal box to emulate a simple handset. A planar inverted 'F' 
antenna (PIFA) is also used for comparison with the monopole. This thesis presents a 
detailed parametric study utilizing computer simulations via the Transmission Line 
Matrix (TLM) method and measurements from the DASY 4 SAR measurement 
system. Two different head and hand geometries are considered. Firstly a 
homogenous spherical head and block-hand were used in the simpler simulation, 
while the more realistic head and hand models were employed for the detailed study. 
The hand models include fingers which allow the metallic jewellery rings to be 
examined. 
The human hand has a significant effect on Specific Absorption Rate (SAR) and on 
the antenna pattern due to energy absorption and possible reflection at the hand 
dielectric boundary. In addition, the effects of different sizes, orientation, and distance 
of the metallic loop-like jewellery items relative to the antenna have been 
investigated. The metallic rings worn on the hand tend to reduce the SAR and could 
also alter the antenna radiation performance. The wrist worn bangle has very little 
effect on the results at the frequencies tested due to its position that is relatively far 
away from the handset antenna. The earrings could significantly influence the SAR 
and the radiation patterns, but the effects varied depending on the earring's diameter, 
its position relative to the head, the frequency and the type of antenna in use. The 
effect of the combination of the hand, the earring and the finger ring only show minor 
difference on the SAR values and on the antenna radiation patterns. 
Measurements of the effects of the hand and metallic jewellery items on SAR were 
performed inside a Standard anthropomorphic model (SAM) head phantom. A novel 
liquid hand phantom with realistic fingers has been manufactured, which allow the 
effect of metallic ring to be further investigated. Measurement results support the 
simulation results. 
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1.0 Introduction 
The use of mobile phones is increasing day by day and yet at the same time some 
users have had growing concerns about possible health effects due to the 
electromagnetic field radiated by the antenna. Conventionally, the mobile handset is 
placed very close to the head and partially masked by the human fingers where a 
certain amount of electromagnetic energy passes through the head and the hand rather 
than being directly radiated. Therefore, the validity of the mobile handset antenna 
characteristics (measured in free space) is placed in doubt due to the presence of the 
human head and the hand. The issue is complicated further by the presence of 
additional conductors such as external metallic objects (wire-framed spectacles and 
hands-free devices) and also metallic implants (surgical pins and jewellery) that may 
also have effects on the amount of the electromagnetic field radiated by the antenna. 
Therefore, there is a need to investigate the interaction between the mobile handset, 
the user and any additional conductors, particularly in the near field of the unit's 
antenna. Numerous studies have examined the interaction between the 
electromagnetic fields radiated by the mobile handset, the human head, the hand [1-
4], additional conductors such as external objects (wire-framed spectacles, hands-free) 
[5,6] and metallic implants (surgical pins, jewellery) [7-9]. In recent years, a number 
of studies have focused on the effect of metallic jewellery such as earring worn on the 
ear [8, 9] and implanted metallic loops and pins inside the head [7]. These 
investigations found that metallic earrings, metallic loops and rings could increase the 
SAR. 
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1.1 Objectives of the project 
The main objective of this research is to investigate the effect of the human hand and 
metallic jewellery items worn on the head and the hand on SAR and on the antenna 
radiation performance. This research involves hand modelling, hand phantom 
construction, computer simulations and measurements. The objectives can be 
summarized as follows: 
~ To model a realistic hand model for simulations in order to investigate the 
effect of the hand on SAR and on the antenna performance. 
~ To model and manufacture a hand phantom for measurements which allow the 
effect of metallic ring worn on the finger to be studied. 
~ To determine the effect of wearing a metallic earring (with and without a ring) 
on SAR inside the head and on the antenna performance. 
~ To study the effects of the hand and the metallic jewellery items on SAR by 
means of measurements utilizing a phantom head and hand; and to compare 
with simulations. 
~ To form a conclusion on the effect brought about by the metallic jewellery 
items; and any possible implications for mobile handset users and also the 
manufacturers of mobile handsets. 
1.2 Hypothesis 
The presence of the human hand holding a mobile handset in close proximity to the 
human head is expected to influence the SAR inside the head. The effects are likely to 
depend on the antenna type and placement. The presence of metallic jewellery items 
worn on the human head and hand are expected to introduce additional effects. It is 
hypothesized that different sizes of the metallic-loop like jewellery items worn on the 
human head and hand will cause different effects on the SAR and antenna pattern. 
1-2 
Chapter I Introduction 
1.3 Contributions of the thesis 
The effect of the hand holding a mobile handset is of particular importance due to its 
proximity to the handset-antenna. In this thesis, two different homogeneous hand 
geometries are included which allow comparison to be made that has not been 
previously investigated. To begin a simplified homogenous block-hand was used 
followed by a homogeneous realistic hand model in the latter. The realistic hand 
model includes fingers which allow the effect of metallic jewellery rings to be 
investigated. 
Two different head models are considered in the simulation study. A simple spherical 
homogenous head model was used in the earlier section to estimate the effect of the 
head on the antenna performance and to estimate the amount of energy absorbed in 
the head itself. The latter studies employ a homogeneous SAM head model and the 
results are compared to the spherical head. Different shapes of the head models have 
been shown to be important since it defines the practical head-antenna distance, the 
head-jewellery distance and the coupling effects, consequently affecting the way the 
metallic jewellery items interact with the human body and the response to the 
electromagnetic field, which results in different SAR results. 
This thesis also includes the effect of metallic earrings, rings and bangles. None of the 
previously published research has considered the hand while investigating the effect 
of metallic jewellery items. Nevertheless, no other published research to date has 
considered the presence of metallic rings (and a bangle) worn on the hand while 
investigating the SAR in the head and the antenna performance. The introduction of 
metallic rings and bangle on the hand is found to cause additional effects. The 
metallic ring is placed on different fingers for comparison. Different sizes of earrings 
have also been investigated. 
Additionally, two different antennas (a 1.14 monopole and a PIFA) operating at two 
different frequencies are employed in this thesis. The antenna is placed in the 'cheek' 
position as is ordinarily used amongst the majority of users. This work reports novel 
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results utilizing a PIFA antenna while investigating the effect of metallic jewellery 
items and thus is fundamentally different from the previous research concerning the 
effect of the metallic jewellery. 
This thesis also includes results of measurements with the hand and metallic jewellery 
items. A novel liquid hand phantom has been manufactured. The hand phantom is 
very useful since it strikes an ordinary pose of holding a mobile handset and can be 
used next to the head phantom. The hand phantom also allows different simulating 
liquid to be used for measurements of different frequencies. It also includes realistic 
fingers, which enables the effect of the metallic ring to be measured, which was the 
main motivation for its construction. SAR measurements with a phantom head 
wearing an earring together with a phantom hand wearing a ring, is a novel 
application. Simulation and measurement results of the effect of the hand and metallic 
jewellery items are compared. 
1.4 Overview of the thesis 
The thesis comprises of seven chapters and includes both a description of prior art and 
a detailed computer simulation and measurement campaign. 
Chapter 2 outlines a brief summary of the theory of SAR, including the factors 
affecting the SAR, the standards and the limit guidelines set by expert groups. This 
chapter also discusses the interaction between the antenna with the human head, the 
hand and the metallic jewellery items worn on the head and the hand. Some of the 
human head and hand geometry and the phantom models commonly used are also 
discussed. 
Chapter 3 presents a simulation study of the effect brought about by metallic loop-like 
jewellery items. A set of simulations are presented to validate the capability and 
accuracy of Microstripes TLM in dealing with the interaction between the antenna, 
the human and metallic jewellery items. The results are compared to published results 
using other commercialized simulation software based on Finite-difference time-
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domain (FDTD). In order to investigate the effect brought about by the small ring 
worn on human fingers, a simple block-hand model with cylindrical fingers was 
modelled for simulation purposes, whilst a simple block hand phantom was 
manufactured for measurements. The effects of metallic ring worn on the finger on 
the field distribution and on SAR inside the hand were investigated. 
Chapter 4 shows the effects of the human head, the hand and metallic jewellery items 
on SAR and on the antenna radiation patterns. A homogeneous spherical head and a 
block-hand model are employed in this chapter. The latter study includes a block hand 
model with cylindrical fingers, which allows the effect of metallic rings to be studied. 
The effects of metallic earrings worn on the ear are presented for different sizes of 
earrmg. 
Chapter 5 performs the same simulations as in Chapter 4, but the more realistic head 
(SAM) and hand models are employed in this chapter. The SAM head includes the 
ears, which allows the earrings to be inserted into the earlobe, representing a more 
realistic worn position. This chapter presents simulation results of the effect of the 
hand with both metallic earrings and finger rings on SAR and on the antenna radiation 
patterns. The simulation results utilizing a PIFA antenna are also included in the study 
and compared to the monopole. 
Chapter 6 shows details of measurements of the effect of the hand and metallic 
jewellery on SAR inside a SAM head phantom filled with tissue equivalent liquid. 
The measurement study includes a novel liquid hand phantom with realistic fingers, 
which allows the effect of metallic ring to be further investigated. The hand phantom 
construction is also discussed in this chapter. Different sizes of earrings are 
investigated, whilst the ring is placed on different fingers for comparison. The SAR 
results from the measurements are compared to simulations. 
Finally, Chapter 7 draws conclusions from the research considered in this thesis. 
Recommendations for future work are also outlined. 
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2.0 Introduction 
Research into the interaction between the antenna and the human body has been very 
topical recently. Research to date has been varied and has considered a range of 
human head and hand models from the simple homogeneous models to the more 
realistic anatomical models that include various types of different tissues. Different 
shapes of the head, or the hand models with different tissue properties could 
significantly affect the antenna performances or the SAR values. In addition, the 
presence of any metallic objects such as metallic jewellery items in close proximity to 
the unit's antenna and to the human body may also introduce additional effects. 
However, the effects can be expected to vary depending on the size of the metallic 
objects, orientation relative to the antenna, the type of antenna in use and the 
frequency of excitation. The interaction between the antenna and the human head, 
hand and metallic jewellery are discussed further in this chapter. 
2.1 Specific Absorption Rate (SAR) 
The number of mobile phone users has increased substantially and at the same time 
the level of sophistication and functionality of the mobile handset has also increased. 
Another recent trend in personal communication services (PCS) has seen the greater 
integration of different services and capabilities in devices. With the expansion of 
current use of cellular telephones, there has been a great interest and concern about 
any possible health effects due to the electromagnetic field radiated from the antenna. 
Conventionally, the mobile phone is placed close to the face (within the near-field 
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zone) where a certain amount of the electromagnetic energy is passed through the 
head and human body rather than being directly radiated. The energy absorbed by the 
human body is mainly caused by the internal electric and magnetic fields which in 
turn are converted to heat inside the human body. The exact amount of energy 
absorbed in the human body is almost inaccurate to calculate due to. the complexity in 
the nature of the interactions. The human body itself is a complex structure and is 
both are heterogeneous and geometrically complex. The intensity of the energy 
absorbed in the body also depends on the frequency of excitation, field polarization, 
the dielectric properties of the exposed body (besides the size and shape) and also the 
presence of any additional objects in close proximity to the radiation source and the 
human body [I]. 
A widely used and generally accepted way to quantify the actual amount of 
electromagnetic energy absorbed by the human body is the Specific Absorption Rate 
(SAR). SAR indicates the amount of radio frequency (RF) energy absorbed in a 
dielectric material per unit time (dt) per unit mass (dm) (Eq. I). SAR is related to the 
electric field or the temperature rise (d]) at a given point by Eq. 2: 
SAR (I) 
SAR = I1!E!2 = C dT (2) 
P dt 
IEI is the rms electric field magnitude, 11 is the conductivity (S/m), p is the material 
mass density (kg/m3) and c is the specific heat capacity (J/(kg 0c) . The SAR is 
usually expressed in Watts per kilogram (W /kg) and is typically quoted in terms of an 
average value measured over either I g or IO g of tissues. 
The SAR can be obtained by mathematical modelling, computer modelling or derived 
measurement by using a phantom filled with tissue simulating liquid that has 
properties equivalent to the human tissue for the different required frequencies [2]. An 
E-field probe is used in the phantom method to measure the electric fields that are 
induced by a mobile phone which is placed in close proximity to the head/body. The 
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SAR values are then can be calculated from these measured electric fields by knowing 
the conductivity and the material mass density of the liquid at any defined frequency 
of interest. During the measurement, the mobile handset is set to operate at its highest 
certified power level. However, in normal use, the antenna input power is typically 
much lower than this value due to active power control at the handset, which is used 
to conserve battery power. A typical power value for GSM is one-eighth of the 
maximum transmit power to reach the network [3, 4). This suggests that in normal 
usage the actual SAR would be substantially lower than the maximum measured 
values. 
2.1.1 Factors affecting SAR 
As stated in the previous section, the intensity of the RF energy absorbed in the 
human body is highly dependent on the type of antenna used, the frequency of 
excitation and the antenna location and orientation relative to the base station. The 
closer the antenna is to the base station, the less power is needed to reach the network, 
so that less power is absorbed within the body (lower SAR values). Beside that, the 
size, shape, the dielectric properties of the exposed tissues and transparent objects to 
RF found in close proximity to the handset antenna and the body can also affect the 
antenna performance [5) and may also cause changes in SAR. Factors affecting SAR 
are shown in Figure 2.1-1. 
2.1.2 Standards and SAR limits 
Maximum permissible exposure limits to the RF energy have been set by several 
experts' organizations via SAR values". International Commission Non-Ionizing 
Radiation Protection (ICNIRP 1998) guidelines [7) and IEEE C95.1 (1999) Standard 
• Power densities are conventionally used as well (see ICNIRP guidelines). They also say that at lower 
frequencies the E or H field maxima should be specified. Power densities are normally used for far-
field exposure 
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[8) outli ne the measurement techn iques/standards for determining the SA R in the 
head re lated to the human ex posure to electromagnetic fields from mobi le 
communication devices. A ll cellular phones are tested and the SAR must compl y 
wit hin the safety limit guidelines before bein g made avail ab le to the customers . 
Different mobil e phones will usuall y have differe nt SA R va lues. The safety limits arc 
di ffe rent from country to country. Most standards (EN5036011, ACA, AR IS) set the 
SAR limit to 2 W/kg ovcr 10 g mas of tissue whi le the Federal Communi catio ns 
Commiss ion (FCC-USA) set the limit to 1.6 W/kg over I g of mas ti ssue. Tablc 
2. 1- 1 represents the bas ic for both IC IRP and IEEE standards. In the IC IRP 
gu idelines, the SAR values arc ave raged in any 10 g of ti ssue, whi le the SA R is 
averaged over I g tissue for the body except the ex tremiti es w hi ch are averaged over a 
cube of 109 tissue [9) . 
• Antenna 
Mobile Tc1ecoms • HOllsing 
Tra nsmitt er Device • Internal Design 
• Antenna Matching 
• Size/ Shape 
• Externa l objects 
(hearing aid, glassc s. car) 
• Hand 
Cu rrent distribution on • Tip! Tilt 
the antenna and device 
Pham omfl-l ead 
• Magnetic Pos ition of the device 
field coupling 
• Shell , Shcll thickness 
• Tissue parameter 
• SA R 
Position 
Figure 2. 1-1 : Factors affect ing SAR [6]. 
Table 2.1-1: Basic SAR Restricti ons (W/kg) [9]. 
St,lIlU,lId COlllhtllln Frequency Whole Local SAR Local SAR 
hlld~ (I \Cl'Pt I xtfl'llllllL'sJ (l':\lri.'lllllh,:O,) 
IEEE ContlOlled 100 kHz 60Hz 0.4 8 20 
Uncont ro lled 100 kH z-6 OHz 1.6 4 
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Table 2. 1-2 : Summary of research of the human head/hand-antenna interaction . 
Rckrcllcc Ik.IJ l l<Uld Method Tcdulli..JUC Rad l ~llIlg. 'iourcc 
Morishita et al. (2000) Homogeneous boxes and spheres Block hand (muscle) MoM (Zeland Rectangular loop ( 1860 M Hz) 
(brai n tisslIe) So ftware) 
Jcnscn and Rahmat-Samii Heterogeneolls head Block hand (bone, FDTD Monopolc and side mounted PIFA 
(1994) muscle) (900 MHz) 
Kawai and Ito (2004) Cubical and spheri cal (brain), - FDTD 0.51.. dipole, monopole, PIFA, 0.51.. dipo le with 
realistic homogeneous head with planar rencctor (900 MI-Iz, 2 GHz) 
shell 
Khalatbari et al. (2006) I lomo. sphere (bra in) , layered - FDTD 0.51.. dipole, )J4 mOl1 opo le (900, 1800 MHz) 
sphere (brain. skull , skin). MR I 
based head 
Okioncwski and Sluchly Homo and layered boxes. sphere Block hand (bone. FDTD Monopole anten na (900 MHz) 
( 1996) and anatomical heads muscle) 
Keshvari and Lang (2005) Anatomical heads (adult, - FDTD 0.471.. dipole antenna (900. 1800, 2450 MH z) 
children) 
Ruoss ( 1999) Homo. Heads (5 shapes) - MoM Dipole. helica l monopole (900 MH z) 
Jcnscn lI nd Rahmat-Samii Anatomical head. homo. sphere Block hand (bone, FDTD Monopolc; side, lOp and back mounted PIFA 
( 1995) (muscle) muscle) (9 15 MH z) 
Burkhardt and K uster (2000) Homo. and hctcro. realistic head - FDTD Dipole and monopole (900, 1800 M Hz) 
Watanabe et al. (1 996) Hetero. I-lead (Japancse) Real istic hand with FDTD 0.51.. dipole.)J4 1110110pole (900, 1500 MHz) 
thumb crook the radio 
Bernardi et a l. ( 1996) Inhomogeneous head Block hand (muscle) FDTD Sleeve dipole, whip antenna (900 MHz) 
Dautov and Zein (2005) Realistic homo. head (brain eq.) - MoM )J4 monopole (900. 1800 Ml-l z) 
Lce et al. (2005) SAM head (hol11o. ti ssue eq.) - FDTD Five monopole antennas 
Gandhi and Kang (2004) SAM, anatomical head (Utah, - FDTD Monopole, helix an tenna (835, 1900 Mll z) 
Visib le human 
Tongord et al. ( 1994) Homogeneous sphere (muscle) Block hand (musc le) FDTD Monopole antenna (900_ 1900 Ml-l z) 
Kim and Rahmat-Sami i Six-layered sphere - MoM , EEM Dipole antenna (900 MH z) 
( 1997) 
Kim and Rahmat-Samii Anatomical head, six -layered Block hand EEM_ FDTD Monopole, side mounted and back moumed 
( 1998) sphere PI FA (900, 1900 MHz) 
Dipole antcnna (900_ 1500 M I-I z) 
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rabic 2.1-2: Continue 
SAM hcad 
Li Cl 0 1. (2008) 
Krogcrus Cl al. 
Li Cl .1. (2000) 
FDTD 
Pedcrscn (2001) 
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2.2 Interaction of electromagnetic fields with the human 
body and the metallic jewellery 
The interaction of electromagnetic fields and human body has been widely studied 
using various types of headlhand models, methods and also different types of 
radiating sources (Table 2.1-2). This interaction becomes an important issue that 
should be considering when designing the antenna for hand-held units [10-12]. When 
a user is exposed to the RF radiation, the current and electromagnetic fields are 
induced within the user's body and thus could result in tissue heating due to the 
dielectric losses [l3]. However, the amount of energy transmitted and absorbed in the 
human body is highly dependent on the frequency of operation and the angle of 
incident, the orientation of the handset, the distance from the antenna, the shape and 
size of the body and the dielectric properties of the exposed tissues [14, 15]. In 
addition, the antenna-tissue coupling could cause antenna detuning, impedance 
mismatch, the gain loss and pattern degradation [10, 12]. The resonant frequency 
reduces and the impedance match at resonance deteriorates by the presence of a user 
[16]. Nevertheless, the presence of the user's body may significantly influence the 
radiation current distribution on the handset itself resulting in degradation of the 
antenna performance [12]. 
In addition, there is, a general fashion amongst users wearing metallic objects such as 
metallic spectacles, wired hands-free and jewellery on the head and the hand. These 
metallic objects when worn on human and placed very close to the radiating source 
have the potential to influence the radiation performance of the handset antenna and 
may also cause notable effect in SAR. The effects of the wire-framed spectacles or the 
hands-free wire have been widely investigated [17-21]. In recent years, there has been 
considerable research effort devoted to the effect of metallic implants such as surgical 
pins, skull and bone plates, fixtures and earrings [l3-15, 22-25]. However, earrings 
worn in their usual position have received limited attention in the literature, while no 
work has yet been done regarding the effect of the rings worn on the human hand. 
Consequently this thesis aims to address these issues. 
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Figure 2.2- 1 shows the general ex posure t situat ion ex peri enccd by a mob ile phone 
user during ordinary operation. 
Mobile 
handset 
Meta ll ic 
earn ng 
Metallic ----t 
~~\I--- nng 
Bangle 
Figure 2.2-1 : Mobile handset user wearing a metallic ean·ing (pierces the ea rlobe), a ring (on 
the fi nger) and a bangle (on the wri st). 
2.2.1 Modelling of the human head 
2.2.1.1 Human head geometry allll effect of the head 011 the alltelllla performallce 
amI SAR 
Research to date has focused on a range of human head models (sec Figure 2.2-2) 
from the simple homogeneous models with different shapes such as boxes, spheres 
[1 3], ovals; with or without the cars, eyes and nose, to the more rea li stic detail ed 
heterogeneous head models [26] (sce Figure 2.2-3) that includes va ri ous types of 
different ti ssues. Di fferenl head geometri cs with different tissue properties have the 
potential to give correspond ingly different antenna performances or SA R values. 
t The effcct of the head, the hand and metallic j ewelle ry items considered in Ihis th esis 
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y 
(b) 
Figure 2.2-2: Simple human head model for si mulations: <a) cubical and spherical head [27] , 
(b) layered sphere [3]. 
(a) (b) 
Figure 2.2-3: Reali stic head models: (a) SAM head, (b) Visible Human Head [28] and (c) 
anatomical model of Visible Human Head [29]. 
In early re search works, the human head was primarily modelled as a single ti ssue 
si mulating liquid sphcre [11 , 30] or a box [30]. In [30] the box represe nting the head 
signifi cantly decreased a monopo le antenna 's radiation pattern in the direction of the 
head, giving hi gher absorbed power in the head and consequentl y higher SAR as 
compared to the spheri ca l model. The spheri ca l model in the same study prov ided 
reasonably good agreement in the total absorbcd power in the head with the relati ve ly 
low reso lution head models investi gated in [30) . Ruoss [3 1) has ineluded fi ve 
different shapes of the head to investigate th e effect of the geometry of the head on 
SAR. The first threc models investigated were simple geometrical shapes, i.e., flat , 
spherical and e llipso idal, wh ile the last two model' s shapes are more reali stic. Ruoss 
[3 1) rcported that there were onl y small diffe rences in the averaged 10 9 SA R 
between all head shapes when the antenna was placed at a range of dista nces fro m the 
hcad surface . In some studies, a multi-layer spherical head has been cons idered 
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representing the human head [3, 30, 32, 33]. Okoniewski [30] and Khalatbari [3] 
employed a three-layered sphere, while Kim and Rahmat-Samii [32] employed a six-
layered sphere for investigations (Table 2.1-2). These investigations confirmed that 
the homogeneous sphere overestimates the SAR values in the head when compared to 
the multi-layered spherical head. 
Nowadays, more realistic head models with different tissues (MRI based) or a 
homogeneous head with an anatomical head shape are available and been employed in 
order to investigate the interaction between the handset antenna and the human head 
[3,30,33-37]. Watanabe et al. [34] employ both the homogeneous and heterogeneous 
head models in their research (Table 2.1-2). Their study reported that the maximum 
local SAR and the SAR distribution on the surface of the homogeneous model agree 
well with the heterogeneous model. Hombach et al. [38] and Meier et al. [35] 
investigated the electromagnetic energy absorption in the human head at 900 and 
1800 MHz respectively, by using several different numerical head phantoms based on 
magnetic resonance imaging (MRI) scans of three different adults and two different 
homogeneous phantoms. The numerical phantoms differ from each other in terms of 
shape, size and internal anatomy, while the homogeneous phantoms are different in 
shape and size. These investigations showed that only small variations existed 
between SAR values of the different phantoms. It was shown that a homogeneous 
head of appropriate shape and dielectric parameters is acceptable for exposure 
evaluations. 
In [32], three different configurations of the head models were employed, i.e., a 
homogeneous spherical head, an anatomical head with different tissues and a 
homogeneous head with an anatomical head shape. The study was performed by 
means of FDTD with a dipole antenna as the radiating source located at 20 mm from 
the ear. The study showed that the dipole's radiation pattern for the three different 
head models agree well with each other, with only marginal differences measured in 
the direction of the head. The study also showed very similar results between the three 
heads on the magnitude of the electric field near the surface of the head. Kim and 
Rahmat-Samii [32] suggested that the peak SAR in the head can be roughly estimated 
by using a simple homogeneous spherical head. Although the results from a simple 
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spherical head model are not particularly accurate, it is sufficient for some validation 
purposes and provides an easy and a reasonable way of estimating the worst case SAR 
[15,31]. Jensen and Rahmat-Samii [39] also confirms that the simple spherical head 
is an acceptable estimate to approximate the effect of the head. However, an 
inhomogeneous model is essential to calculate the field distribution within the 
exposed tissues accurately. 
2.2.1.2 Head phantom 
Besides the simple spherical head models, heterogeneous or anatomically correct head 
models, a homogeneous realistic head phantom is also widely used amongst 
researchers [40, 41]. Most homogeneous head models are given the dielectric property 
of a brain equivalent liquid. The permittivity and conductivity of the tissue equivalent 
liquid are dependent on the operating frequency of a mobile handset. The simplified 
physical phantom adopted by European Committee for Electrotechnical 
Standardization (CENELEC), FCC (USA), the Association of Radio Industries and 
Business in Japan, and specified in IEEE SCC34/SC2 and IEC 92209-1 is the SAM 
head phantom [42]. The SAM (Figure 2.2-4) was built based on the dimensions and 
shape of a 90th percentile'" of adult male head, published by the U.S.Army [9]. The 
phantom shell is made of fiberglass with a collapsed ear tapered to the cheek as in a 
real human head with a handset pressed to it. The SAM head model is used for the 
standardized SAR measurement procedure of IEEE [43 J.. Hence, the standard 
measurement in evaluating the SAR within the head still relies on the homogeneous 
phantom, since the entire volume must be accessible by the measurement probe [27, 
36] and live human head cannot be easily or safely instrumented. For this reason, the 
compliance testing is done with the head phantom [42, 44]. A homogeneous head 
model (with appropriate shape and dielectric parameters) also provides better 
repeatability with respect to the test position than the anatomical head [36, 41]. 
ljf A percentile is a point on a rank-ordered scale, found by dividing a group of observations into parts in 
order of magnitude from lowest to highest. The nth percentile is the point exceeding n percent of the 
observations. 
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Figure 2.2-4: SAM phantom head for mobile compliance testing according to European 
Standard EN5036l [45]. 
Previous research indicates that the SAM could underestimate [46] or overestimate 
the SAR within the head depending on the experimental conditions as discussed in 
[28, 42, 44]. It is difficult to compare the results between the published results due to 
differences in models (include/exclude the pinna), different types of tissues and 
properties, different types of radiating source and inconsistent positioning of the 
source relative to the head and the manner in which the SAR is normalized for 
reporting. The highest SAR is usually found in the pinna due to the proximity of the 
pinna tissue to the feed point of the mobile antenna. As a result of this high SAR in 
the pinna, the inclusion or exclusion of tissues near the pinna from the averaging 
volume will significantly affect the average I g or 10 g SAR [44]. In addition small 
variations in the distance (as small as I or 2 mm) between the antenna and the head 
appeared to change the SAR values quite significantly [42, 44]. 
2.2.2 Effect of the human hand 
Conventionally, the mobile handset is placed very close to the head and partially 
masked by the human fingers where a certain amount of electromagnetic energy is 
absorbed rather than been directly radiated. The user's hand especially the thumb 
frequently strays very close to the antenna, and could potentially be exposed to RF 
radiation and interact with the electromagnetic field radiated from the mobile handset 
[47]. Numerous studies have examined the interaction between the electromagnetic 
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fields radiated by the mobile handset, the human head and the hand [34, 48, 49-53] 
(Table 2.1-2). The results seem to suggest that the presence of the human hand causes 
noticeable changes in the antenna performance or to the SAR values within the head. 
Chavannes et al. [54] also paid special attention to the effect of the hand on the 
antenna performance in the study. Due to the proximity of the hand to the mobile 
handset, it is of particular importance to include the hand since the fingers at certain 
locations could notably affect the antenna performance. Although the CENELEC 
ES59005 [7] does not include the hand for the mobile phone compliance, it is 
interesting to evaluate how the hand presence affects the SAR in the head [48]. 
Okoniewski and Stuchly [30], Pedersen [55] and Excell [47] have highlighted the 
significance of including a hand together with the head in the investigations as it 
could significantly affecting both radiation performance and SAR. Okoniewski and 
Stuchly [30] have concluded that the hand must be included in evaluating the antenna 
performance and SAR due to the amount of energy absorbed inside the hand. Kuo et 
al. [56] also consider a hand model to be important in their work. Hence, proper 
modelling of a handset antenna requires a hand model to hold the handset and be in 
proximity to the head [56]. Pedersen [55] also signifies the importance of including 
the hand in evaluating the antenna performance concerning the radiation efficiency. 
2.2.2.1 Human hand geometry and effect of the human hand on the antenna 
performance and SAR 
There are many different ways to locate a mobile handset using the hand. It is 
relatively straightforward to determine how users will place their mobile handset 
relative to the head due to the alignment of the handset earphone to the ear; whereas it 
is more difficult to predict the precise angle between the phone and the face, the 
rotation relative to the ear and the position of the fingers and the hand [57]. If the 
hand wraps around the handset or directly touches the antenna, the antenna 
characteristics and performances will inevitably be disturbed. The antenna 
characteristics which have been found to be affected by the hand include the input 
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impedance [10, 11,58,59], the radiation efficiency [11,55,60] and the total radiated 
power [51-53]. 
The effect of the hand On the antenna performance of two different antennas was 
investigated in [26]. The hand positions along the antenna were varied in the study. It 
was shown that the hand effects On the input impedance were marginal unless the 
hand actually masked the antenna. The effect of various hand positions On SAR inside 
the hand itself and also inside the head were investigated in [34]. A 1J4 monopole and 
'A/2 dipole antenna were used as the radiating source. The results revealed that the 
hand effect On the maximum local SAR in the head was only marginal as long as the 
hand does not cover the antenna. 
Boyle [16] from his measurement results away from the head has shown that, much of 
the reduction in the efficiency is due to the losses in the hand if compared to the free 
space loss. Rowley and Waterhouse [61] and Su et al. [60] also found the efficiencies 
dropped for all of the antennas investigated due to the presence of the hand. The 
efficiencies of shorted patch antennas in the study of [61] were more severely 
degraded when the hand moved closer to the patch due to current flows and possible 
physical contact with the antenna structure. In addition, the hand can also modify the 
antenna radiation pattern but this effect seemed to be strongly dependent On the 
operating frequency [48]. In [48] the antenna radiation pattern at 902.4 MHz was 
reduced by more than 10 dB at the angular direction pointing towards the back of the 
mobile handset, whilst being significantly reduced along the side of the phone that 
was wrapped by the four fingers at 1715 MHz. Zaridze et al. [62] also considered the 
human hand (besides the head) in their research. The study showed that the presence 
of the head caused the system to become more unidirectional due to energy absorption 
by the head. The study also showed that the introduction of the hand further changed 
the radiation characteristics of the antenna. 
Francavilla et al. [48] also demonstrated the effect of the hand On SAR in the head. 
The study showed that the influence of the hand On SAR in the head is more notable 
in the 900 MHz band compared to the 1800 MHz band. The authors concluded that 
the averaged SAR in the head was only marginally changed by the hand, although the 
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SAR distribution inside the head does change. In addition, the hand position on the 
handset (proximate to the head) was found to be onc of the faclOrs that caused 
variation on SAR within the head and the hand itself. A decreasing SAR in the head 
by the presence of the hand was found in [30] due to the power absorption in the 
hand . A s im il ar result was found in [63]. In [64] , the SAR within the user's head was 
increased by the presence of the whole human body including the hand and the arm. 
The highest SAR reported in the study occulTed inside the hand . Kuo et al. [65] a lso 
included a hand mode l consisting of a layer of sk in, muscle and bone tissues; it had 
the 'handhold-shape ' (with a straight thumb) in the ir work. The study showed that the 
hand absorbed approximately 21 % of the radiated power from the antenna at 
900 MHz and 17% of the power at 1800 MH z. 
Most of the investigations to date ha ve employed a very s imple block-hand model that 
does not inc lude any fingers. The block hand model consists of a layer of bone 
sutTounded by a layer of a muscle [ 10, 26, 30, 47 , 6 1, 63, 66] whereas a layer of ski n 
was included in [18,47]. In [12] , on ly a layer of muscle was used to represent a block 
hand model encloses three s ides of the handset unit. In [34] a more rea li sti c human 
hand was presented with the thumb crooked around the handset and a 20 mm gap was 
introduced between the palm and the handset. 
I 
(a) (c) 
Figure 2.2-5 : Human hand model s: (a) simple block hand model [39], (b) hand model with the 
thumbed crooked around the radio [34) and (c) realistic CAD hand model [54). 
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In some studies, more realistic hand models have been employed [48, 51-54). The 
hand in [48) was an anatomical hand modelled of 11 tissues obtained by identifying 
particular tissue types in a MRI scan data set and applying appropriate material type 
in the model; while the hand model in [51, 52, 54) consisted of skin, muscle and bone 
tissues. Li et al. [51, 52) also included a homogenous hand model in their study to 
determine the effect of different tissue parameters on radiation efficiency and total 
radiated power. The study has shown only marginal differences between the 
homogeneous and inhomogeneous hand, so a homogeneous hand can be used to 
represent a human hand in ordinary usage conditions. 
In the current thesis, both the simplified homogeneous block hand and a realistic hand 
models (with realistic fingers) were employed. The inclusion of the fingers enables 
the effect of metallic jewellery ring and a bangle to be investigated. 
2.2.2.2 Hand phantom for measurements 
The head, hand or body phantom can be developed physically or in a numerical model 
depending on the nature of the proposed study. The phantom chosen should be of a 
suitable shape, size and it is useful if it has the same anatomical details as the human 
body. Gabriel [67) has highlighted the importance of considering an anatomical hand 
phantom that can differentiate between the tissue varieties due to the fact that 
different tissues have different dielectric properties and they are typically highly 
dependent on the specified operating frequency. However, Li et al. [51, 52) have 
found that there were negligible differences between the inhomogeneous and 
homogeneous hands investigated in their study. 
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(a) (b) (c) 
Figure 2.2-6: Human hand phantom for measurements: (a) rubber glove filled with liquid 
wrapped with transparent tape [55], (b) PVC tube filled with lossy liquid [49] and (c) hand 
phantom used by [48] with unspecified construction. 
A hand phantom made of silicone rubber loaded with carbon fibres was employed in 
[16, 67]. Boyle [16] suggested that the hand phantom should be placed in various 
positions representing typical way of holding a mobile handset to allow an accurate 
phantom measurement on phone-by-phone basis. It is however difficult to have one 
hand phantom that suits every mobile handset due to its mechanical design [16]. 
Pedersen [55] uses a thin rubber glove filled with brain/muscle simulating liquid to 
simulate the effect of the hand holding a mobile handset. A thin transparent tape was 
wrapped around the hand and fingers to retain its shape during the measurement. 
Otherwise in [49], the hand phantom was constructed from PVC and filled with the 
tissue simulating liquid which equivalent to the head tissue liquid whilst in [67], a 
physical head and hand phantom have been manufactured from synthetic tissues that 
include some anatomical details of the head and the hand. However, due to the 
complexity of the heterogeneous phantom model, many research studies make use of 
the simple homogeneous sphere head and block hand model. These simple models are 
more practical and can be easily designed and compared with numerical models 
which used for the simulations. Francavilla et al. [48] also measure the SAR inside an 
anthropomorphic homogeneous phantom. However, the construction of that specific 
hand model has not been published in such a way that it can be reproduced. 
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In this thesis, a realistic homogeneous hand phantom is presented and employed in the 
measurement for comparison with the simulations. The construction of this model will 
be further discussed in Chapter 6, together with the measurement process and results. 
2.2.3 Effect of the head-antenna separation distance, frequency of 
excitation and different types of antennas 
The mobile handset is typically placed very close to the head near to the left or the 
right ear, where part of the radiated energy is absorbed by the head and nearby tissues 
[68]. Small variations in handset-antenna position and orientation relative to the 
human body could significantly influence the energy absorption and distribution 
inside the exposed body. In fact, the handset user is normally in the reactive near-field 
region of the antenna where the electromagnetic field is mostly non-propagating [69] 
[70]. Therefore the amount of energy absorbed within the head or nearby tissues is 
mainly due to the electric field induced by the magnetic field generated by the current 
flowing on the antenna and handset body [66, 69]. The absorbed energy within the 
body is scattered and attenuated as it propagates through the body tissues [69]. In [68, 
71], the antenna was placed at l.ll mm from the head resulting in significantly higher 
SAR exceeding the safety guidelines provided by the CENELEC [72] and 
IEEE C95.1 [73]. The ear is reported as having the largest SAR due to the proximity 
to the antenna [68]. 
The dependence of the SAR inside the head on the head-antenna separation distance 
over two different frequencies was investigated in [33, 34, 74]. The method used by 
each author mentioned above is provided in Table 2.1-2. These studies showed that 
the SAR is strongly dependent on the head-antenna separation distance. A significant 
amount of energy is absorbed in the head when the head is close to the antenna, but 
the amount of energy absorbed inside the head decreases exponentially when the 
head-antenna separation distance increases. Similar results were found in [39, 71]. 
In addition, the amount of energy absorbed inside the human head is also dependent 
on the type of antennas and the frequency of excitation [34, 74, 75]. Watanabe et at. 
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[34] and Iskander et al. [74] employed two different antennas, while Li et al. [75] 
investigated the interaction between the human head and a range of commercial 
handset antennas (Table 2.1-2) at 900 and 1800 MHz. Li et al. [75] reported that the 
input impedance and the radiation pattern of the antennas investigated in the study 
were noticeably influenced by the presence of the head. However, the effects were 
varied depending on a particular antenna configuration and the frequency of 
operation. The study also suggested that the energy absorption at 1800 MHz (PCN) is 
more pronounced compared to 900 MHz (GSM) as the conductivity of the tissues 
tends to be higher at larger frequency. Hence, the attenuation increases as the 
frequency increases [75]. Nevertheless, the averaged SAR in the head was higher for 
the GSM band compared to the PCN frequency band due to the deeper penetration of 
the fields at GSM frequencies [40, 75]. These studies [40, 75] also showed a notable 
variation in the highest SAR distribution for the antennas tested. The highest SAR 
distribution occurs near the ear region for the monopole antenna; for the dipole, the 
highest SAR distribution is concentrated in the region near the temple, whilst the SAR 
distribution appears more evenly spread for the IFA antennas. 
Thus the effect of the hand on SAR could vary depending on the type of antennas 
employed within the handset. Rahmat-Samii and Jensen [10] included three antenna 
configurations in their study, namely the monopole antenna, side-mounted PIFA and 
back-mounted PIFA. The study showed that over 50% of the total radiated power was 
absorbed within the head and the hand. Although the back-mounted PIFA antenna 
significantly reduced the SAR in the head, the SAR in the hand that holding the 
mobile handset was significantly increased by the side-mounted and back-mounted 
PIFA. The shorted-patch antenna modelled in [61] produced higher SAR in the hand 
which appeared due to the current flows on the handset body. In [30], an 85 mm 
monopole antenna on top of a metal box covered with a 2 mm dielectric insulator was 
used. It was found that the presence of the hand has helped to decrease the SAR in the 
head at 915 MHz. Likewise, Gandhi and Kang [76] also found that the hand decreased 
the peak 1 g SAR since the peak 1 g SAR values increases when the hand is 
eliminated. 
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2.2.4 Effect of metallic objects near the human body 
The radiation characteristic and performance of a mobile handset could be strongly 
affected and modified by the presence of any objects in close proximity [15] 
especially when the size of the objects nearby is comparable to the wavelength of the 
radiated field [62]. Metallic objects near the mobile handset have the potential to 
influence the radiation characteristics and thus reduce the radiation efficiency, energy 
re-distribution and may alter the natural polar pattern [21]. Metallic objects usually 
found in practice are: external objects (wire-framed spectacles, hands-free) (17-21] 
and metallic implants (surgical pins,jewellery) [15,23,25] (Table 2.2-1). 
It is well known that the presence of the human body degrades the antenna 
performance however; this reduction could be emphasized by wearing metallic 
objects in close proximity to the antenna [15]. Previous studies (see Table 2.2-1) have 
shown that the amount of electromagnetic radiation absorption in human tissues could 
significantly increase and the electromagnetic distributions could noticeably change 
by the metallic implants or metallic objects. This can be explained by the coupling 
between the antenna with metallic implants especially those which are particularly 
close to the antenna position. Hence, a sufficient amount of current induced on the 
implant's surface could possibly cause the metallic objects to act as weak antenna 
(producing a secondary electromagnetic field) and therefore could modify the energy 
distributions and enhance the electromagnetic fields. These may result in excessive 
local tissue heating [22] and may also modify the SAR values within nearby tissues 
[21, 24]. However, these effects are strongly dependent on the metallic 
objects/implants size [23, 24], orientation relative to the antenna, frequency of 
operation and proximity to the human body [21, 23, 24]. 
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Table 2.2- 1 : S ummary of research on the effect of me tallic objects. 
1{.:-k'r ... ·llu.: \11.:1.11111. Ohl('l'h l~rh.·", I k.ld I land ~klhl)(,.t T ":Chlll lJUC R.ltlt,\tlllg .. nu re..: 
WhitlOW and Edwards Spectacles M R I based (Brooks head) - FDTD Plane wave (1.5-3 OHz), dipole 
(2004) J..1-80 Hz) 
Edwards and Whinow Spcclaclcs M Rl based (Brooks head) - FDTD,OA Plane wave, dipolc antenna ( 1.5-
(2005) 30Hz) 
Trouli s cl al. (2003) Hands-free wire Realistic adult-male body 
- FDTD Monopole on PEC box (1.8 MH z) 
Troulis cl al. (200 I) Hands-free, spectacles Cylindrical muscle. - FDTD Monopole on a box ( 1.8 OHz) 
helerogeneous body 
Vi n anen et "I. (2005) Pins, rings Cylinder muscle with skin - FDTD fJ4 Illonopolc 011 metal box (900. 
1800 MHz) 
Whinow et al. (2007) Circular earrings 1101110. cubic phantom, 
- FDTD Dipole anlenna (1.8 Oll z) 
anatomical 
Fayos-Fcrnandcs Cl al. Earrings: band and studs Homo. sphere. 4 tissues - FIT. FDTD )J2 dipole anlenna (900 MHz) 
(2006) anatomical head 
Vinanen el al. (2007) Earrings. implants MRl based female head 
- FDTD 0.471. dipole antenna (900. 1800. 
2450 Mll z) 
Melnlosh et al. (2005) I mplant: head plate Visible human head 
- XFDTD Plane wave (200, 2500 M Hz) 
Fleming et a I. ( 1992) Ankle. knee pins Cylindrical layered model : 
- FEM. MoM Plane wave (40. 640, 1250 MHz) 
skin . muscle , bonc 
Whitlow et al. (2008) Straight jewellery Cubic phantom. anatomical-
- FDTD )J2 dipole antenna (900 MHz, 
Brooks head 1800 MHz) 
Samsuri and Flinl (2006) Rings, bangles - Homo. cylinder TLM Plane wave 
Cooper and Hombach Metallic wa ll s Homo. Sphere 
-
FIT 0.451.. dipole antenna (900 MH z) 
( 1998) 
HOl11sup cl al. (2006) Melal wa ll M R I based head - FDTD DiJ'.olc (900. 1800 MHz) 
Wang et al. (2004) Mctal ground Cylindrica l (brain tisslIe) Cylindrical FI 1J4 monopolc on mctal box 
(muscle) 1(900 MHz) 
I'anagamuwa et al. (2007) Melall ic pins SAM head - FDTD Dipole antenna (900, 1800 MHz) 
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There are two ways of estimating how much effect is being caused by the metallic 
objects that are the commonly used, namely numerical modelling and thermal 
modelling techniques. However, most of the studies have shown that there is no 
significant increase in temperature (no more than I QC) near the metallic object as 
discussed in ICNIRP (1998) [13, 22]. It is actually extremely difficult to conduct 
measurements near to an implant. There is also some contradictory evidence, for 
example in [13], the temperature in the tissue near a metallic plate was lower than in a 
similar experiment without the implant. This is due to the high thermal conductivity 
of the plate and due to the lack of blood circulation and metabolic heat production in 
the volume occupied by the implant [14]. 
1.1.4.1 Metallic objects worn on human body 
Cooper and Hombach [77], Dominguez et al. [78] and Homsup et al. [79] have taken 
into consideration the effects of a metallic wall in close proximity to a mobile-head 
and the effect on SAR within the head. The results show that the SAR values are 
notably higher than the free-space values when the head-handset is a certain distance 
away from the wall due to the electromagnetic fields being reflected back by the wall 
(at the back of the handset-head model) [78]. Research in [64] showed that a metallic 
ground plane could increase the SAR level within the head owing to the reflection 
from the ground causing constructive interference inside the head. The 
electromagnetic wave radiated by the antenna may scatter around the head and the 
body. Thus, the directed wave towards the ground may experience reflection and 
introduce minor lobes in the antenna radiation pattern. However, the effects of the 
metallic wall are dependent on its orientation and proximity relative to the head and 
the antenna [80]. 
Wire-framed spectacles and hands-free wire are commonly found in close proximity 
of the handset antenna and user's head. The hands-free wire is widely used together 
with the mobile handset as it enables the handset antenna to be operated away from 
user's head, so that in theory the hot spots could be removed from the head region 
[21]. However, the coupling between the handset antenna and the hands-free wire lead 
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may increase the energy deposition in the exposed body and therefore could notably 
increase the SAR. Troulis et al. [18,21], Whittow and Edwards [17] and Edwards and 
Whittow [20] included wire·framed spectacles in their investigations by means of a 
FDTD method. The wire·framed spectacles were reported to cause notable 
degradation in the radiation efficiency at 1.8 GHz and significant increases in the peak 
averaged I g or 10 g within the head [21]. In addition, the metallic spectacles could 
generally increase the maximum local SAR and alter the SAR distribution within the 
head [17, 20]. By adding the spectacles, the maximum SAR appears to be located 
closer to the spectacle's edges (metal arms) or on the side of the nose. Thus, the 
greatest increase in SAR owing to the presence of the spectacles is in the nose due to 
relatively high conductivity tissues contained within (skin, muscle, mucous 
membrane) [20]. 
Metallic jewellery worn on or near the human head has begun to attract interest 
amongst researchers due to the possibility of having a resonant length/size and its 
location that in vicinity to the radiation exposure [25]. The effect of metallic pins or 
straight metallic jewellery has been studied by means of FDTD and Dosimetric 
Assessment System (DASY 4) measurement systems [81, 82]. The metallic pin length 
and location were varied and the effect of the pins on SAR was compared with the 
case without pins at 900 and 1800 MHz. At both frequencies, a pin measuring 
approximately one·third of the wavelength [13, 23] at a certain distance from the 
phantom surface gives the biggest increase in local and averaged I g SAR within the 
head. The resonant pin generally increased the SAR at the front of the phantom tested, 
redistributes the energy absorbed in the phantom and focused them close to the 
metallic pin [82]. 
Otherwise, in [15], four different aluminum objects that either attached or pierced on 
the ear were investigated by means of a FDTD and excited by a ')..,/2 dipole antenna 
centered at 900 MHz. A homogeneous sphere and a three level head with four 
different tissues were employed. In pierced cases where the pin enters the tissue of the 
ear, the metallic material replaces some of the ear cells whilst the metallic object is 
only touching the ear in the 'attached' cases. In both cases, the dipole antenna feed 
point was positioned directly above the ear reference point (ERP) at 10 mm distance 
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from the head's surface. Fayos-Fernandez et al. [15] reported that the pierced metallic 
object increased the measured peak SAR values in all cases but smaller increased 
were observed on the peak averaged 1 g SAR values. Fayos-Femandez et al. [15] 
suggested that, the increase in SAR occurs in the ear and the volumes contributing 
most to the peak averaged 1 g SAR (with an increase in SAR) are in the ear itself. 
However, the probe used for the measurement in the study could not reach the ear 
phantom surface, resulting in insignificant changed in the averaged SAR values. 
1.1.4.1 Metallic loop-like jewellery items worn on human (earring, ring, bangle) 
In recent years, a number of studies have focused on the effect of metallic jewellery 
such as earring hung on the ear [15, 25] and implanted metallic loops and pins inside 
the head [23]. Whittow et al. [25] have investigated the effect of circular metallic 
earring at 1800 MHz on SAR within the human head. A ,..12 dipole near the ear was 
used as the radiating source and the computation results by means of a FDTD were 
then compared with the measurements performed using a DASY 4 measurement 
system. Different sizes and positions of circular earrings (copper) were analyzed near 
to a homogeneous cubic phantom and later, an anatomical realistic head model was 
employed representing the more realistic condition of human head worn metallic 
earring. The results with the cubic homogeneous phantom show that circular metallic 
earring significantly increase the averaged SAR when its circumference is 
approximately A. wavelength and placed at a range of distances from the phantom 
surface. Thus, there was a negligible increase in the averaged SAR for all the earring 
sizes when it touched the phantom. In addition, the maximum SAR appears at the 
edges of the earring, not at the center. With the anatomically realistic head, the 
circular earring was inserted into the ear and hung down beside the head, so that the 
center of the dipole antenna was positioned at 40 mm away from the top of the 
earring. In this case, the earring increased the averaged 1 g SAR when the 
circumference was about 0.65 A. due to the close proximity of the head. However, the 
same earring may affect the SAR differently on different ears as the ears maybe in 
different shapes and sizes. 
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Virtanen et al. [23] included three sizes of ring with different thicknesses and a 
homogeneous cylindrical phantom was employed. For the 30 mm diameter ring, the 
highest peak SAR occurred when the longest dimension of the ring was oriented 
parallel to the antenna. Although the peak SAR is highest for the smallest and thinnest 
ring, the average SAR is however notably highest for the ring with 30 mm of diameter 
(about 113 of the wavelength in the muscle tissue) and when the thickness of the ring 
increases. In addition, Virtanen et al. [24] numerically investigate an earring that has 
42.4 mm outer diameter, 4 mm thick with I mm thin part is pierced through the ear 
lobe. The earring was placed at the lower part of the right ear (on a heterogeneous 
head) with the dipole antenna feed point is actually in the middle and aligned with the 
top of the thin part of the earring. This earring has generally enhanced the SAR at 
900, 1800 and 2450 MHz. The SAR is highest near to the thin part of the earring 
which passes through the ear lobe and at the location where part of the earring touches 
the skin [24]. 
As the hand is found to give noticeable effects on the antenna radiation performance 
and could also modify the SAR distribution within the head, the introduction of the 
metallic ringlbangle worn on the hand is expected to have an additional effect. In 
order to study the effect brought about by the jewellery rings on SAR, a simplified 
geometrical representation of a human finger worn a ring and the arm worn a bangle 
has been presented [83]. The results indicate that the electric-field distribution at the 
centre of the ring and in between the ring and the dielectric were substantially 
changed by the dielectric (human fingers or arm) inclusion. However, the 
measurement campaign carried out during this study suggests that there is no 
significant effect on SAR due to the presence of the small metallic-loop, although the 
larger loop does cause an increase in 1 g and 109 SAR in the 1800 MHz frequency 
band. 
2.3 Conclusions 
With the expansion of the current use of cellular telephones, there has been a lot of 
interest and concern about any possible health effects due to the electromagnetic field 
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radiated from the antenna. The mobile phone is usually operated extremely close to 
the head/body where a certain amount of the electromagnetic energy is absorbed 
inside the human head/body. In addition, the presence of external metallic objects or 
implants is expected to have further effects on the amount of electromagnetic field 
radiated by the antenna. Therefore, it will be interesting to investigate the interaction 
between the mobile handset, the user and any metallic objects, particularly in the near 
field ofthe unit's antenna. 
Research to date has been extensive and varied and has considered a range of human 
head models from the simple homogeneous models with different shapes such boxes, 
spheres, ovals, with or without the ears, eyes and nose to the more realistic detailed 
heterogeneous head models that include various types of different tissues. Different 
shapes of the head models with different tissue properties could affect the antenna 
performances or the SAR values quite differently. In this thesis, a simple spherical 
homogenous head model will be used in the earlier sections to estimate the effect of 
the head and the amount of energy absorbed within the head. A spherical head model 
is said to be better than the box model as it provides results that are in good agreement 
with a relatively simple but realistic head model. Although the results from a simple 
spherical head model are not particularly accurate, it is adequate for validation 
purposes and provides an easy and repeatable way of estimating the worst case SAR. 
The latter investigations include a homogeneous SAM head model. The SAM head 
model has been adopted by CENELEC, FCC (USA), the Association of Radio 
Industries and Business in Japan, and specified in IEEE 1528 and IEC 92209-1 and is 
also used for standardized SAR measurement procedure. Nevertheless, the 
homogeneous SAM head model may provide better repeatability with respect to the 
test position than the anatomical head. 
Due to the proximity of the hand to the mobile handset, it is of particular importance 
to include the hand since the fingers at certain locations could notably affect the 
antenna performance or SAR within the head. However, most of the investigations to 
date have employed a very simple block-hand model with homogeneous properties or 
highly simplified inhomogeneous bone surrounded by a muscle. Some results show 
only marginal and negligible difference between the homogeneous and 
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inhomogeneous hand model, therefore in this thesis, a simplified homogenous block-
hand and a homogeneous realistic hand model were employed. The realistic hand 
model (with realistic fingers) employed will allow the effect of metallic jewellery ring 
and bangle to be worn and placed in different positions for comparison. 
Metallic objects near the mobile handset could possibly influence the radiation 
characteristics thus reducing the radiation efficiency, energy re-distribution and may 
alter the radiation pattern. However, these effects are dependent On the metallic 
objects or the implants size, orientation relative to the antenna, frequency of operation 
and proximity to the human body. Metallic jewellery worn on or near to the human 
head has started to be an active research topic amongst researchers due to its 
possibility of having a resonant length/size and its location that in vicinity (at certain 
distance) of the radiation exposure. In this thesis, metallic loop earrings in different 
sizes worn On the ear are employed. None of the previously published research has 
. included the hand while investigating the effect of metallic earring worn On the ear on 
SAR within the head. The hand that holds the handset may alter the effect brought 
about by the metallic earring On the antenna performance or SAR within the head. 
Nevertheless, the introduction of the metallic ring or bangle worn On the hand (placed 
on different fingers) can also be expected to have an additional effect. 
Different types of antenna may exhibit different performance characteristics 
depending On their location relative to the human head and the phone position with 
respect to the head may vary from One person to another. In this thesis, a monopole 
antenna On a metal box is used as a radiating source in the 900 and 1900 MHz bands. 
This antenna provides simplicity in the geometry and can be positioned easily with 
respect to the head. In the latter model, a PIF A antenna was employed for comparison 
purposes. The SAR within the head may significantly decrease by the PIF A antenna 
as it is known to reduce backward radiation toward the user's head. However, the 
effect of the hand in close proximity may become important. Metallic rings worn on 
the human fmgers may also introduce additional effects and these will be explained. It 
is also notable that, small variation in the distance (as small as 1 or 2 mm) between 
the antenna, the head and the hand could change the SAR values quite significantly. 
2-27 
Chapter 2 Background to the Research 
2.4 References 
[I] Harvard. 1997, Absorption of RF radiation. http://www.seas.harvard.eduJ 
courses/es96/spring 1997 Iweb yage/health/absorp.htm. (Last accessed: Mar. 
2008) 
[2] D. Manteuffel, A. Bahr, C. Bomkessel, F. Gustrau and I. Wolff. (2002, 
Fundamental aspects for the design of low-SAR mobile phones. IMST GmbH, 
Germany.http://www.empire.de/mainiEmpire/pdf/publications/2002/dm-ams-
2002.pdf (Last accessed: June 2008) 
[3] S. Khalatbari, D. Sardari, A. A. Mirzaee and H. A. Sadafi, "Calculating SAR in 
two Models of the Human Head Exposed to Mobile Phones Radiations at 900 
and 1800 MHz," Progress in Electromagnetic Research Symposium, 
PIERS2006, Cambridge, USA, vo!. 2, pp. 104-109, Mar. 2006. 
[4] W. Stewart Sir. (2000, Radiofrequency fields from mobile phone technology. 
Independent Expert Group on Mobile Phones (IEGMP), 
http://www.iegmp.org.ukldocuments/iegmp_4.pdf. (Last accessed: Qct. 2008) 
[5] J. A. Flint and J. C. Vardaxoglou, "Installed performance of printed inverted-F 
antennas (IFAs) at 2.45 GHz for Bluetooth and 802.llb," Microwave and 
Optical Technology Letters, vo!. 39, pp. 497-499, Dec. 2003. 
[6] C. Zombolas. (2003, New compliance requirements for mobile 
telecommunications equipment. EMC Technologies A NATA accredited test 
house for SAR measurements Melbourne, Australia. 
www.emctech.com.aulsar4/SAR_Article_2003.pdf. (Last accessed: June 2008) 
[7] ICNIRP 1998: Guidelines for limiting exposure to time-varying electric, 
magnetic, and electromagnetic fields (up to 300 GHz), Health Phys., vo!. 74, pp. 
494-522, 
[8] IEEE C95.1 1999: IEEE standard for safety levels with respect to human 
exposure to radio frequency electromagnetic fields, 3 kHz to 300 GHz. Institute 
of Electrical and Electronics Engineers, Inc. , Piscataway, NJ 
[9] K. Fujimoto and J. R. James, Mobile Antenna Systems Handbook. ,2nd 
ed.Boston, Mass. USA: Artech House: 200 I, 
[10] Y. Rahmat-Samii and M. A. Jensen, "A study of the electromagnetic coupling 
between handset mounted antennas and a human operator," 24th European 
Microwave Conference, Cannes, France, pp. 607-612, 5-8 Sep. 1994. 
[11] J. Toftgard, S. N. Homsleth and J. B. Andersen, "Effects on portable antennas 
of the presence of a person," IEEE Transactions on Antennas and Propagation, 
vo!. 41, pp. 739 -746, June. 1993. 
[12] H. Morishita, H. Furuuchi and K. Fujimoto, "Characteristics of a balance-fed 
loop antenna system for handsets in the vicinity if human head or hand," IEEE 
Transaction, pp. 2254-2255,2000. 
2-28 
Chapter 2 Background to the Research 
[13] R. L. McIntosh, V. Anderson and R. J. McKenzie, "A numercial evaluation of 
SAR distribution and temperature changes around a metallic plate in the head of 
a RF exposed worker," Bioelectromagnetics, vo!. 26, pp. 377-388, 2005. 
[14] H. Virtanen, J. Keshvari and R. Lappalainen, "Interaction of radio frequency 
electromagnetic fields and passive metallic implants - a brief review," 
Bioelectromagnetics, vo!. 27, pp. 431-439, 2006. 
[15] J. Fayos-Femandes, C. Arranz-Faz, A. Martinez-Gonzalez and D. Sanchez-
Hemandez, "Effect of pierced metallic objects on SAR distributions at 
900 MHz," Bioelectromagnetics, vo!. 27, pp. 337-353,2006. 
[16] K. R. Boyle, "The performance of GSM 900 antennas in the presence of people 
and phantoms," Twelfth International Conference on Antennas and 
Propagation, (ICAP 2003), vo!. I, pp. 35 - 38, Mar.- Apr. 2003. 
[17] W. Whittow and R. Edwards, "A study of changes to specific absorption rates in 
the human eye close to perfectly conducting spectacles within the radio 
frequency range 1.5 to 3.0 GHz," IEEE Transaction on Antenna and 
Propagation, vo!. 52, pp. 3207-3212, 2004. 
[18] S. E. Troulis, N. E. Evans, W. G. Scanlon and G. Trombino, "Influence of wire-
framed spectacles on specific absorption rate within human head for 450 MHz 
personal radio handsets," Electronics Letters, vo!. 39, 12 Nov. 2003 (a). 
[19] S. E. Troulis, W. G. Scanlon and N. E. Evans, "Effect of a hands-free on 
specific absorption rate for a waist-mounted 1.8 GHz cellular telephone 
handset," Physics in Medicine and Bio., vo!. 48, pp. 1675-1684,2003 (b). 
[20] R. M. Edwards and W. G. Whittow, "Applications of a Genetic Algorithm for 
Identification of Maxima in Specific Absorption Rates in the Human Eye Close 
to Perfectly Conducting Spectacles," IEEE Proceedings, Science, Measurement 
and Technology, vo!. 152, pp. 89-96, May. 2005. 
[21] S. E. Trou1is, W. G. Scanlon and N. E. Evans, "Effect of 'hands free' leads and 
spectacles on SAR for a 1.8 GHz cellular handset," 1st Joint IEI/IEE 
Symposium on Telecommunications Systems Research, Dublin, pp. 1675-1684, 
2001. 
[22] A. H. J. Fleming, V. Lubinas and K. H. Joyner, "Calculation of Electric Fields 
in Tissue Near Metallic Implants," Asia-Pacific Microwave Conference, APMC 
92, Adelaide, vo!. 1, pp. 229 - 232, Aug. 1992. 
[23] H. Virtanen, J. Huttunen, A. Toropainen and R. Lappalainen, "Interaction of 
mobile phones with superficial passive implants," Physics in Medicine and Bio., 
vo!. 50, pp. 2689-2700, 2005. 
[24] H. Virtanen, J. Keshvari and R. Lappalainen, "The effect of authentic metallic 
implants on the SAR distribution of the head exposed to 900, 1800 and 
2450 MHz dipole near field," Physics Medicine and Bio., vo!. 52, pp. 1221-
1236, Feb. 2007. 
2-29 
Chapter 2 Background to the Research 
[25] W. Whittow, C. J. Panagamuwa, R. Edwards and J. C. Vardaxoglou, "Specific 
Absorption Rates in the Human Head Due to Circular Metallic Earrings at 
1800 MHz," Antennas and Propagation Conference. LAPC 2007. 
Loughborough. pp. 277 - 280, 2-3 April. 2007. 
[26] M. A. Jensen and Y. Rahmat-Samii, "The electromagnetic interaction between 
biological tissue and antennas on a transceiver handset," IEEE, pp. 367-370, 
1994. 
[27] H. Kawai and K. Ito, "Simple evaluation method of estimating local average 
SAR," IEEE Transactions on Microwave Theory and Techniques. vol. 52, pp. 
202 I - 2029, Aug. 2004. 
[28] W. Kainz, A. Christ, T. Kellom, S. Seidman, N. Nikoloski, B. Beard and N. 
Kuster, "Dosimetric comparison of the specific anthropomorphic mannequin 
(SAM) to 14 anatomical head models using a novel definition for the mobile 
phone positioning," Physics in Medicine and Bio .• vol. 50, pp. 3423-3445,2005. 
[29] J. Keshvari and S. Lang, "Comparison of radio frequency energy absorption in 
ear and eye region of children and adults at 900, 1800 and 2450 MHz," Physics 
in Medicine and Bio .• vol. 50, pp. 4355-4369, 2005. 
[30] M. Qkoniewski and M. A. Stuchly, "A study of the handset antenna and human 
body interaction," IEEE Transactions on Microwave Theory and Techniques. 
vol. 44, pp. 1855-1864, Qct. 1996. 
[31] H. Q. Ruoss, "Influence of the shape of the head model on the maximum 
averaged SAR value," lEE Seminar on Electromagnetic Assessment and 
Antenna Design Relating to Health Implications of Mobile Phones. pp. 7/1 - 7/5, 
28 June. 1999. 
[32] K. W. Kim and Y. Rahmat-Samii, "Antenna and humans in personal 
communications: an engineering approach to the interaction evaluation," IEEE 
Proceeding in Medicine and Biology Society. Chicago. pp. 2488-2491, Qct. 
1997. 
[33] K. W. Kim and Y. Rahmat-Samii, "EM interactions between handheld antennas 
and human: Anatomical head vs. multi-layered spherical head," in IEEE-APS 
Conference on Antennas and Propagation for Wireless Communications. 
Waltharn. Mass. 1998, pp. 69-72. 
[34] S.1. Watanabe, H. Taki, T. Nojima and Q. Fujiwara, "Characteristic of the SAR 
distributions in a head exposed to electromagnetic fields radiated by a hand-held 
portable radio," IEEE Transactions on Microwave Theory and Techniques. vol. 
44, pp. 1874 - 1883, Qct. 1996. 
[35] K. Meier, V. Hombach, R. Kastle, R. Y. S. Tay and N. Kuster, "The dependence 
of electromagnetic energy absorption upon human-head modeIing at 
1800 MHz," IEEE Transaction on Microwave Theory and Techniques. vol. 45, 
pp. 2058-2062, Nov. 1997. 
2-30 
Chapter 2 Background to the Research 
[36] M. Burkhardt and N. Kuster, "Appropriate modeling of the ear for compliance 
testing of handheld MTE with SAR safety limits at 900/1800 MHz," IEEE 
Transactions on Microwave Theory and Techniques, vo!. 48, pp. 1927 - 1934, 
Nov. 2000. 
[37] S. Koulouridis and K. S. Nikita, "Study of the coupling between human head 
and cellular phone helical antennas," IEEE Transactions on Electromagnetic 
Compatibility, vo!. 46, pp. 62 - 70, Feb. 2004. 
[38] V. Hombach, K. Meier, M. Burkhardt, E. Kuhn and N. Kuster, "The dependence 
of EM energy absorption upon human head modeling at 900 MHz," IEEE 
Transaction on Microwave Theory and Techniques, vo!. 44, pp. 1865-1873, Oct. 
1996. 
[39] M. A. Jensen and Y. Rahmat-Samii, "EM interaction of handset antennas and a 
human in personal communications," Proceeding of the IEEE, vo!. 83, pp. 7-17, 
Jan. 1995. 
[40] O. S. Dautov and A. E. M. Zein, "Application of FE KO program to the analysis 
of SAR on human head mode ling at 900 and 1800 MHz from a handset 
antenna," The 6th International Symposium on Electromagnetic Compatibility 
and Electromagnetic Ecology, IEEE, pp. 274 - 277, June. 2005. 
[41] A. K. Lee, H. D. Choi, J. I. Choi and J. K. Pack, "The scaled SAM models and 
SAR for handset exposure at 835 MHz," MTT-S International Microwave 
Symposium Digest, IEEE, pp. 1323-1326, 12-17 June. 2005. 
[42] B. B. Beard, W. Kainz, T. Onishi, T. Iyama, S. Watanabe, O. Fujiwara, J. 
Wang, G. Bit-Babik, A. Faraone, J. Wiart, A. Christ, N. Kuster, A. K. Lee, H. 
Kroeze, M. Siegbahn, J. Keshvari, H. Abrishamkar, W. Simon, D. Manteuffel 
and N. Nikoloski, "Comparisons of computed mobile phone induced SAR in the 
SAM phantom to that in anatomically correct models of the human head," IEEE 
Transactions on Electromagnetic Compatibility, vo!. 48, pp. 397 - 407, May. 
2006. 
[43] IEEE std. 1528-2003, IEEE recommended practice for determining the peak-
spatial average specific absorption rate (SAR) in the human head from wireless 
communications devices: Measurement techniques. 
[44] B. B. Beard and W. Kainz. (2004, Review and standardization of cell phone 
exposure calculations using the SAM phantom and anatomically correct head 
models: Bio. Medical Engineering Online. pp. 1-10. http://www.biomedical-
engineering-online.com/contentl3/1/34. (Last accessed: Jan. 2009) 
[45] European Standard EN 50361 2001: Basic standard for the measurement of 
specific absorption rate related to human exposure to electromagnetic fields 
from mobile phones (300 MHz-3 GHz), CENELEC, Brussels, July. 2001. 
2-31 
Chapter 2 Background to the Research 
[46] O. P. Gandhi and G. Kang, "Inaccuracies of a plastic "pinna" SAM for SAR 
testing of cellular telephones against IEEE and ICNIRP safety guidelines," 
IEEE Transactions on Microwave Theory and Techniques, vo!. 52, pp. 2004 -
2012, Aug. 2004. 
[47] P. S. Excell, "Modelling of handsets, antennas, heads and hands in the FDTD 
method, Design of Mobile Handset Antennas for Optimal Performance in the 
Presence of Biological Tissue," lEE Colloquium, pp. 711 - 7/4, Jan. 1997. 
[48] M. Francavilla, A. Schiavoni, P. Bertotto and G. Richiardi, "Effect of the hand 
on cellular phone radiation," lEE Proceedings on Microwaves, Antennas and 
Propagation, vo!. 148, pp. 247 - 253, Aug. 2001. 
[49] M. Lundmark, R. S. Calvo, P. S. Kildal and C. Orlenius, "A solid hand phantom 
for mobile phones and results of measurements in reverberation chamber," 
Antennas and Propagation Society International Symposium, IEEE, vo!. 1, pp. 
719 -722, 2004. 
[50] K. Ogawa, T. Matsuyoshi and K. Monma, "An analysis of the performance of a 
handset diversity antenna influenced by head, hand and shoulder effects at 
900 MHz," Antennas and Propagation Society International Symposium, IEEE, 
vo!. 2, pp. 1122 - 1125, July. 1999. 
[5I] C. H. Li, E. Ofli, N. Chavannes and N. Kuster, "The effects of hand phantom on 
mobile phone antenna OTA performance," The 2nd European Conference on 
Antenna and Propagation (EUCAP 2007), Nov. 2007 . 
. [52] C. H. Li, E. om, N. Chavannes, E. Cherubini, H. U. Gerber and N. Kuster, 
"Effects of Hand Phantom and Different Use Patterns on Mobile Phone Antenna 
Radiation Performance," IEEE International Symposium on Antennas and 
Propagation, San Diego, California, 5-12 JUly. 2008. 
[53] J. Krogerus, J. Toivanen, C. Icheln and P. Vainikainen, "Effect of the Human 
Body on Total Radiated Power and the 3-D Radiation Pattern of Mobile 
Handsets," IEEE Transactions on Instrumentation and Measurement, vo!. 56, 
pp. 2375 - 2385, Dec. 2007. 
[54] N. Chavannes, P. Futter, R. Tay, K. Pokovic and N. Kuster, "Reliable prediction 
of MTE performance under real usage conditions using FDTD," Proceeding of 
ICECOM05, Dubrovnik, Oct. 2005. 
[55] G. F. Pedersen, "Phantoms for radiation measurements of mobile phones 
Personal Indoor and Mobile Radio Communications," 12th IEEE International 
Symposium, vo!. 1, pp. C-95 - C-99, 30 Sept.-3 Oct. 2001. 
[56] L. C. Kuo, Y. C. Kan and H. R. Chuang, "Analysis of a 900/1800 MHz dual-
band gap loop antenna on a handset with head and hand model," Journal of 
Electromagnetic Waves and Applications, vo!. 21, pp. 107-122,2007. 
[57] G. F. Pedersen and J. B. Andersen, "Integrated antennas for hand-held 
telephones with low absorption," IEEE 44th Vehicular Technology Conference, 
vo!. 3, pp. 1537 -1541,8-10 June. 1994. 
2-32 
Chapter 2 Background to the Research 
[58] K. R. Boyle and L. P. Ligthart, "Radiating and Balanced mode analysis of user 
interaction with PIFAs," Proceeding of the IEEE Antennas and Propagation 
Society International Symposium, Washington DC, vo!. 2B, pp. 511-514, July. 
2005. 
[59] K. R. Boyle, Y. Yuan and L. P. Ligthart, "Analysis of mobile phone antenna 
impedance variations with user proximity," IEEE Transactions on Antennas and 
Propagation, vo!. 55, pp. 364-272, Feb. 2007. 
[60] C. M. Su, C. H. Wu, K. L. Wong, S. H. Yeh and C. L. Tang, "User's hand 
effects on EMC internal GSM/DCS dual-band mobile phone antenna," 
Microwave and Optical Technology Letters, vo!. 48, pp. 1563-1569, Aug. 2006. 
[61] J. T. Rowley and R. B. Waterhouse, "Performance of shorted micro strip patch 
antennas for mobile communications handsets at 1800 MHz," IEEE 
Transactions on Antennas and Propagation, vo!. 475, pp. 815 - 822, May. 
1999. 
[62] R. S. Zaridze, K. N. Tavzarashvili and G. N. Ghvedashvili, "Electromagnetic 
analysis of the distributed structures applied to EMC and SAR estimation 
problems," IEEE Antennas and Propagation Society International Symposium, 
vo!. 2, pp. 1049 - 1052, 22-27 June. 2003. 
[63] O. Kivekas, J. Ollikainen, T. Lehtiniemi and P. Vainikainen, "Bandwidth, SAR, 
and efficiency of internal mobile phone antennas," IEEE Transaction on 
Electromagnetic Compatibility, vo!. 46, pp. 71-86, Feb. 2004. 
[64] Z. Wang, X. Chen and C. G. Parini, "Effects of the ground and the human body 
on the performance of a handset," lEE Proceeding on Microwaves, Antenna and 
Propagation, vo!. 151, pp. 131-134, Apr. 2004. 
[65] L. C. Kuo and H. R. Chuang, "Design of a 900/1800 MHz dual-band loop 
antenna mounted on a handset considering the human hand and head effects," 
Antennas and Propagation Society International Symposium, IEEE, vo!. 3, pp. 
701 - 704, 2003. 
[66] C. M. Kuo and C. W. Kuo, "SAR distribution and temperature increase in the 
human head for mobile communication," Antennas and Propagation Society 
International Symposium, IEEE, vo!. 2, pp. 1 025 ~ 1028,22-27 June. 2003. 
[67] C. Gabriel, "Phantom models for antenna design and exposure assessment," lEE 
Colloqium on Design of Mobile Antennas for Optimal Performance in the 
Presence of Biological Tissue, pp. 6/1-6/5, Jan. 1997. 
[68] A. O. Rodrigues, L. R. P. Malta, R. Borsali, R. B. Takai and R. Conhalato, 
"SAR calculations in an anatomically realistic model of the head of cellular 
phone users," The Institution of Electrical Engineers, lEE, 2002. 
[69] A. Sargent and C. Zombolas. SAR testing of IEEE 802.l1a/b/g devices. 
http://www.ce-mag.com/archive/05/07/zombo2.htm!.BAKpp. (Last accessed: 27 
Feb. 2008) 
2-33 
Chapter 2 Background to the Research 
[70] M. A. Stuchly, M. Rahman, M. Potter and T. Williams, "Modeling antenna 
close to the human body," Aerospace Conference Proceedings, IEEE, vo!. 5, pp. 
83-89, 18-25 Mar. 2000. 
[71] O. A. Saraereh, M. Jayawardene, P. McEvoy and J. C. Vardaxoglou, 
"Simulation and experimental SAR and efficiency study for a dual-band PIFA 
handset antenna (GSM 900 I DCS 1800) at varied distances from a phantom 
head," Antenna Measurements and SAR, AMS 2004, lEE, pp. 5 - 8, 25-26 May. 
2004. 
[72] CENELEC ENV 50166-2," Brussels, 1995. 
[73] IEEE standard C95.11995. IEEE, New York 
[74] M. F. Iskander, Z. Yun and R. Quintero-Illera, "Polarization and human body 
effects on the microwave absorption in a human head exposed to radiation from 
handheld devices," IEEE Transaction on Microwave Theory and Techniques, 
VD!. 48, pp. 1979-1987, Nov. 2000. 
[75] L. W. Li, P. S. Kooi, M. S. Leong, H. M. Chan and T. S. Yeo. (2000, July). 
Antenna patterns & input impedance of handset antennas and SARs in human 
head: A comparative study using FDTD. Extended Report of Journal of 
Electromagnetic Waves and Applications. pp.987-1000. 
http://www.ece.nus.edu.sg/stfpage/elelilw/Handset.htm. (Last accessed: 29 May 
2008) 
[76] O. P. Gandhi and G. Kang, "Some present problems and a proposed 
experimental phantom for SAR compliance testing of cellular telephones at 835 
and 1900MHz," Physics in Medicine and Biology, vo!. 47, pp. 1501-1518, 
2002. 
[77] J. Cooper and V. Hombach, "The specific absorption rate in a spherical head 
model from a dipole with metallic walls nearby," IEEE Transactions on 
Electromagnetic Compatibility, vo!. 40, pp. 377 - 382, Nov. 1998. 
[78] H. Dominguez, A. Raizer and W. P. Carpes Jr., "Electromagnetic fields 
radiated by a cellular phone in close proximity to metallic walls," IEEE 
Transactions on Magnetics, vo!. 38, pp. 793 - 796, Mar. 2002. 
[79] N. Homsup and T. Jariyanorawiss, "FDTD Simulations of a Mobile Phone 
Operating near a Metal Wall," International Symposium on Communications 
and Information Technologies, ISCIT '06, pp. 332 - 335, Oct.- Sept. 2006. 
[80] P. Bernardi, M. Cavagnaro and S. Pisa, "Evaluation of the SAR distribution in 
the human head for cellular phones used in a partially closed environment," 
IEEE Transactions on Electromagnetic Compatibility, vo!. 38, pp. 357 - 366, 
Aug. 1996. 
2-34 
Chapter 2 Background to the Research 
[SI] C. J. Panagamuwa, W. G. Whittow, R. M. Edwards and J. C. Vardaxoglou, "A 
study of the effects of metallic pins on SAR using a Specific Anthropomorphic 
Mannequin (SAM) head phantom," The Second European Conference on 
Antenna and Propagation, EuCAP2007, Edinburgh, United Kingdom, Nov. 
2007. 
[S2] W. G. Whittow, C. J. Panagamuwa, R. M. Edwards and J. C. Vardaxoglou, "On 
the effects of straight metallic jewellery on the specific absorption rates 
resulting from face-illuminating radio communication devices at popular 
cellular frequencies," Physics in Medicine and Bio., vo!. 53, pp. 1167-IIS2, 
Feb.200S. 
[S3] N. A. Samsuri and J. A. Flint, "On the effect of jewelry rings on specific 
absorption rate (SAR)," Antennas and Propagation Conference, LAPC 2006, 
Loughborough, pp. 421 - 424, 11-12 Apr. 2006. 
2-35 
Chapter 3 Metallic Loop-like Jewellery Items and Validation to the TLM Model 
Chapter 3 
Metallic Loop-like Jewellery Items and Validation to the 
TLMModel 
3.0 Introduction 
In this chapter, a simulation study focusing on the effect brought about by metallic 
loop-like jewellery items is presented. The simulations will also provides validation 
for the capability and accuracy of the TLM modelling method (as implemented in the 
commercial solver Microstripes) compared to published results using other 
commercialized simulating software based on FDTD. The effect of different sizes and 
orientation of the metallic loop-like jewellery items relative to the monopole antenna 
are investigated. The metallic jewellery is also given different metal properties for 
comparison. In order to investigate the effect brought about by the small ring worn on 
human fingers, a simple block-hand model with cylindrical fingers was modelled. The 
ring was place on different fingers in the simulations for comparison. Finally, a 
simple hand phantom is manufactured and measurements were performed. The 
measurement results are then compared with simulations. 
3.1 Numerical modelling 
Most of previously published studies have employed FDTD by [I] such as in [2-6]; 
Method of Moment (MoM) [7] and Finite Element Method (FEM) [8] to estimate the 
effect of human body on the antenna performance and on SAR. In addition to the 
above-mentioned methods, Babli et al. [9] and Dominguez et al. [10] employed the 
TLM method in their investigations on the interaction of the electromagnetic fields 
with dielectric bodies and to calculate the SAR in the head exposed to a mobile 
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handset close to the metallic wall. The investigations in this thesis also employ the 
TLM method in evaluating the antenna performance and SAR, in the presence of the 
head, the hand and metallic jewellery items in the vicinity of the radiating source. 
The TLM method is a numerical modelling technique for solving Maxwell's 
equations for the electromagnetic fields in space and time [10, 11]. In this technique, 
the time is divided into discrete time steps whilst the space is divided into cells. The 
time step is automatically found by the size of the smallest cell and the properties of 
that cell. Each cell is modelled as the intersection of 12-orthogonal transmission lines 
that combined several shunt and series nodes [12, 13]. Hence, in TLM, there exists a 
direct correspondence between the field components with voltages and currents on the 
transmission lines [13, 14]. Therefore, voltage pulses that travel along the lines scatter 
at the center of the node and results in reflected pulses that are incident on the 
adjacent nodes. At each time step, the E-fields and H-fields are calculated directly 
from the voltages and currents on the set of the transmission lines. The scattering 
matrix (form by the incident and reflected voltages) can be modified to account for 
dielectric/magnetic materials, radiating and conducting boundaries [13]. 
The TLM approach is implemented in Microstripes [IS], one of the electromagnetic 
simulation software packages that solve the fields via the TLM method. All the results 
presented and discussed in this thesis are obtained through simulations using 
MicroStripes V7.0. Microstripes has been employed to design intricate antenna 
structures, assess installed performance, optimize RFID tags, predict absorption of 
electromagnetic fields in human tissues, determine radar cross-section (RCS), 
EMIIEMP and lightning effects on vehicles, ships and aircraft. Microstripes has a 
sophisticated graphical interface, which can handle CAD data and the solver has 
many extensions to the basic TLM method. For example, it incorporates a fast 
meshing algorithm with a multi-grid technique in the solver and it also has a sub-cell 
wire model. 
The TLM Symmetrical Condensed Node (SCN) is presented in Figure 3.1-1. The 
geometric model is modelled in the Build window, assigned with corresponding 
materials and excited with specified source (via either a port or free space excitation). 
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The required output type was defined while the workspace and the mesh around the 
geometrie model is generated. In terms of meshing, the mesh size is hi ghl y dependent 
on the frequency of operation and the di electri c materi al used in the model. However, 
Mierostripe has enabled the automatic meshing algorithm which ensures the mesh i 
fine enough consequentl y eliminates the need for such fine tuning, thus a llowing 
automatical ly generated meshes to be used for nearl y all simulations. The cell size 
can be modifi ed to ensure more e ffic ient and accurate mcsh but care must be taken as 
thi s may significantly affect the computation time/size and accuracy. Hcnce, the 
computation time is proporti onal to the total number of cells in the model. Longer 
computation time due to larger num ber of cell s can be reduced by using ce ll lumping 
which lumped small cells together to form larger cell s . 
.. ·,c.···z":z511 
"""',,0) 
~=7tl.", . ,. ,
V,(o. • . • , 
.J-. (a) (b) 
Figure 3. 1-1 : (a) TLM node (Se ) [12] and (b) TLM meshed volume with a fixed thin 
boundary [16]. 
Microstripes is a time domain TLM solver. At the end of the simulations, the time-
domain fil e is produced and Fouri er Transform is used to generate the frequency-
domain results (S-parameters, input impedance, SWR). With a sma ll number of 
measurement poims, the entire transient responsc is captured in one simulati on and 
the resul ts are obtained via Fourier Transform . However, to generate a SA R map at a 
particu lar freq uency, a lot of mcasurement points arc necded. In addition, 
Microst ripes also capable to so lve all frcqucncics of interest (up to 99 frequencies) in 
a singlc ca lculation and therefore prov idcs thc full broadband rcsponsc of the systcm 
in onc simulat ion cycle. However, thi s takcs up RAM in the compu ter (it has to hold I 
matrix in memory for the whole simulati on per frequenc y). Hencc, th e more 
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frequenc ies chosen, the more memory is consumed. For an individua l data point, the 
mcmory is not that important because at each timc step the solver writes the E and H 
fi eld to the disk. The electromagnetic fie lds, surface currents, wire currents and 
radi ation patterns (including effic iencies) results arc visua lized in fu ll 3-D. Moreover, 
the specifi c absorption rate (SAR) and the averaged I g/l O g SAR (W/kg) in any lossy 
medium at any requcsted frcquencies can be obtaincd and gencrated by only one time-
domain simu lation. 
3.2 Commercially-available metallic hoop-earring sizes 
There are man y earring shapes avai lable and worn on the human ear. Some of them 
are stud in the ear and some are pierced. The cffcct s of meta ll ic loop/hoop/circular 
have been studied by other published research; for example in [1 7, 18]. In the current 
thesis, meta ll ic hoop/ loop ea rring shapes are employed and in vestigated further. The 
commerc iall y ava ilab le sizes of the hoop/ loop metall ic earring are summari zed in 
Table 3.2- 1. Hcnce, a commercial ea lTing is 1.5, 2 or 3 mm th ick, but a typ ica l loop 
thickness is fou nd to be 2 mm (F igure 3.2-); therefore the thickness of earrings (o f 
different ex ternal diameters) in vesti gated in the ClllTent thesis are set to 2 mm. 
Thickness 
(minor diameter) 
2 mm 
, , 
--+< ...-, , 
---" " , , 
earrin g ex ternal 
diameter 
Figure 3.2-1 : The calTing dimensions 
Tab le 3.2-1 : The commercial eafflng sizes and their 
ex ternal diameter in wavelength (A) corresponding to 
the wavelength of speci ti ed frequencies. 
Dlallle ter 900 IXOO 1900 2450 
(Illlll ) \1111 \1111 \1111 \1111 
20 0.06A 0.121.. 0.13A 0.16A 
25 0.08A 0.15A 0.16A 0.20A 
30 0.09A 0.18A 0.19A 0.24A 
35 O. I IA 0.2 1A O.22A 0.29A 
40 0.121.. 0.24A 0.25A 0.33A 
45 0. 14A 0.271.. 0.28A 0.371.. 
50 0.15A 0.30A 0. 321.. OA IA 
70 0.21A OA2A OA4A 0.571.. 
80 0.24A OA8A 0.51A 0.65A 
90 0.271.. 0.54A 0.5 71.. 0. 73A 
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3.3 Commercial metallic rings and bangles sizes 
The fit of the ring will differ from person to person. Table A.I in the Appendix A 
summarized the ring sizes commercially available in several different countries. 
Different countries have different ways of representing the size. In the UK and 
Australia, letters of the alphabets one used and this will be the standard referred to in 
this thesis. 
Bangle sizes and fits tend to be even more variable than rings because a deciding 
factor on size choice is the ability of the wearer to pass their hand through the center. 
Hence, bangles are much looser than rings on most people. Consequently, the 
diameter of the bangle is required as two people may have the same wrist size, yet 
differences in the size of their hands differentiate their bangle sizes. Table A.2 in the 
Appendix A illustrates the relationship between the standard diameters of certain 
bangle sizes, with the correlated inner circumference. The bangle diameters are 
generally supplied in increments of 1116 of an inch. 
3.4 Validation to the TLM model 
This thesis presents results that attempt to quantify the effect of metallic jewellery 
when worn on human head and hand using TLM method when compared with the 
FDTD method to show the accuracy of the TLM tool in evaluating the antenna 
. performance and SAR. The human head is represented as a homogeneous cubic box 
filled with head simulating liquid (HSL) at 1800 MHz with a relative permittivity (Er) 
of 40.48 and a conductivity (0) of 1.37 S/m. The head phantom is covered with a 
2 mm thick layer fibreglass with the Er is set to 3.5 and the conductivity is 0 S/m. 
Although the simple box homogeneous phantom is not realistic and may overestimate 
the SAR values [19], it is however a useful and repeatable method in estimating the 
effect brought about by the presence of the metallic objects near biological 
tissueslbodies. The results obtained by the homogeneous cubic model may represent a 
worst-case scenario in investigating the effects of circular metallic items [17]. 
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The mode l cons ists of a 74 mm long dipole antenna as a radiatin g source reso nating at 
1800 M Hz. The di stance fro m the dipole antenn a to the surface of the pha ntom is 
40 mm (Figure 3.4-1). The results presented in [1 7] were simulated by FDTD. These 
models were replicated and the simu lations were performed by mea ns of TLM , 
Microstripes (V.7) s imu lati on so ftware. The model has been modified in length and 
was chosen to be large enough to ensure enough penetrati on depth for the 
electromagnetic energy. It was proven by ca!Tying out a convergence test that the 
depth a ll owed in the simulation was adequate for the e lectromagnetic waves to decay 
to a suitab le va lue before reaching the numeri cal boundary of the s imulati on. 
2 Dipole antenna 
e, ~ 40.48 
er ~ 1.3 7 Sfm 
CD 0 on 
y 
• L x 
0 
" 
, 
, 40 , 
0 120 ! HSL 1800 Fibreglass 
Units in mm 
Figure 3.4-1 : Phantom dimension at40 mm from a dipole antenna at 1800 MHz. 
In [ 17] , the circular earring (w ith different sizes) was pl accd at various di stances from 
the homogeneous cubic phantom surface starting from 0 mm to 16 mm w ith the step 
size of 4 mm . However, the meta llic loop in thi s study is placcd at onl y 0, 4, 8 and 
12 mm from the cubic phantom surface (F igure 3.4-2) as thi s is assumed to be suitable 
enough to show the accuracy of TLM method in providing thc same effcct as other 
s imulati on tools (with the sam e model properti es and conditions). In eac h case, the 
loops were given thc conductivity equal to the conducti vity of copper. The metalli c 
loops dimensions employed in the current secti on arc as in Tab le 3.4- 1. 
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Units in mm 
, 40 , Dipole , 
Dipole : 
Earring antenna .,. antenna : 0 r-
'" 
y ~ Z , , J. 
J. , , L x L x , , , , - ' '-2 
(a) 120 (b) 
Figure 3.4-2: (a) Metallic loop jewell ery pl aced at cl di stances from the phantom (cl = 0, 4, 8 
and 12 mm) and (b) a dipole antenna dimension. 
Table 3.4-1: Meta llic loop jewellery sizes employed in the simulations (1800 MHz). 
<. IH':UJ1lft:h.:'I1CC 01 loop 
(\\:1\ clcnglh },) 
No loop 
0.7 
0.8 
0.9 
0.95 
1.0 
3.4.1 Validatio n results 
I \tCIIl.Jllil.lIllI.:tCI 
( 111111) 
-
37.0 
42.4 
47.6 
50.2 
53.0 
Extcnml diameter 
2 I11m 
Minor diameter 
Simulati on results of the averaged I g SAR obtained by the TLM and as published in 
[17] arc shown in Figure 3.4-3. It can be seen that both results arc agrce wcll in shape. 
Therc arc only sli ght vari ations in the values due to the poss ibility of different 
meshing size on the antenna and the phantom models, or probably on the loop modcl 
itse lf. The effect of changing wave length is variab lc. The averaged I g SAR in thc 
head is significantly increased by the circular metalli c earring when the circumference 
is approximately one-wavelength and at certain di stance from the phantom surface. In 
thi s case, the largest increase with the f... wave length is observed at 12 mm from the 
phantom. With a dipole antenna oriented in the z-directi on (sce Figure 3.4-2), the 
currcnts around the ring arc at the greatest on the sides of the ring and thc least on the 
lOp and bottom sections of the ring. These currents induce magnctic fi elds in a similar 
panem around the ring. In terms of SAR di stribution, Figurc 3.4-4 shows the SAR 
di stribution for the f... wavelength ring at 12 mm from the phantom . The maxim um 
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SAR in the head appears at the edges of the circul ar earring not at the eenter of the 
earring and again, agrees well with [17]. When the electromagnetic fi eld impinges on 
mcta lli c object, the field is scattered and thc meta ll ic objects may redi stribute the 
incident RF energy around th em. This could lead to a significant SAR concentration 
around certain part of the object and corresponding SAR reduction in other areas. As 
the results presented here agreed well and in shape with the results presented in [17], 
therefore it provides ev idence that TLM is useful enough and could est imate the 
interaction between the antenna, the head/hand and metallic jewellery items in close 
prox imity. In add ition, the results presented in Table I in [17] also indicated that the 
result produces by Microstripes (TLM) arc comparable and in good agreement with 
other commercial software . 
t2,-------------------------------,.----------. ~ Wh ittow 0111111 
10 ~ Whittow 411111l 
-er- Wh ill ow 8ml1l 
---e- Whitlow 12ml11 
~ Wh illow 16mJ1l 
--+-- Wh illow no loop 
__ TlI"t 0111111 
~TLM 41TU1l 
2 '----!~::::=~;=:t~~~~---l-- TlI"t mill 4 __ TlI'" t2""" 
o -'-___________________ ..J I-+- TlI'" no toop 
0.6 0.7 0.8 0.9 1.1 
Cireumle re nee ofloop (wave length) 
Figure 3.4-3 : TLM simulations of different loops sizes at various distances fro m a cubic 
phantom. The TLM simulation resuits are va lidated against pub lished resuits in (17). 
(a) 0 
Dipole 
antenna 
Metallic 
earring---
0. 1 20.25 0.37 O' gAR (W,g) (b) 0 
«I, I»-
•• f 
----
0 . 68 1.4 2. 1 
Figure 3.4-4: The maxi mum SAR in the head (a) without metallic-loop and (b) wi th metalli c-
loop (appears at the edges of the circu lar carri ng. nOl at the cent er of the earring). 
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3.5 A monopole antenna as radiating source 
Different types of antenna may exhibit different performance characteri tic 
depcnding on their location relati ve to the human head. The phone pos ition re lati ve to 
the head may va ry from onc person to another. As menti oned in Chapter 2, a 
monopole antenna on a meta l box is employed as a rad iating source in thi s thesis. This 
device has a simple structure and cou ld be posit ioned easily with respect to the head. 
The va lidation of TLM model as discussed in the above Sect ion 3.4 is rep licated in 
thi s section but the dipole antenna is replaced with a ")J4 monopole antenna on top a 
metal box (20 x 50 x 90 mm) operat ing at 1800 MHz. The monopole anten na is kept 
at 40 mm di stance from the surface of the cubic phantom whil st the antenna feed 
point is st ill at the center of the loop (Figu re 3.5-1). Figure 3.5-2 shows the difference 
between the results utili zing a dipole and a monopo le antenna as the radiating source 
at 1800 MH z. The resu lts show the same trend where signifi cant increase in the 
averaged I g SA R in the head is found when the circumference of the circu lar 
metallic earri ng is approx imate ly one-wavelength and at a range of di stances from the 
phantom surface. However, the monopole antenna produces lower averaged I g SAR 
va lues although the same distance and sizes of loops are employed. This wou ld agree 
with [20] that different antenna may exhibit different perfonnancc and therefore cou ld 
also affect the SAR va lues quite differently [21-24] . 
Monopolc 
antenna 
)J4 
port 
Z 
i 
(a) L x (b) 
Earring 120 20 
Figure 3.5- 1: (a) Simulation selup for the handset-loop mode l and (b) 1110nopole antenna on 
top ora metal box dimension, (units in 111111) . di s a di stance from the phantom. 
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,s. 
0.7 0.8 0.9 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
C ircumfere nce of loop (wave le ngth) 
1.1 
~ dipolc Ollllll 
--9-- dipolc 41111n 
-0-- dipolc 8ml11 
- ~ - dipolc 12111111 
-- dipolc no loop 
I
---+- Illonopolc Omm 
~ mOl1opolc 4rnm 
--.-. monopolc 8mm 
- ..... - rnonopolc 12mm 
I ~ monopolc no looP! 
Figure 3.5-2: The averaged I g SAR va lues for the dipole and the monopole antenna at 
1800 MHz. 
3_5.1 Rea listic phantom-antenna separation dista nce 
The mob il e hand set is typica lly placed very c lose to the head near the left o r the right 
car, where part of the radiated energy is absorbed by the head and nearby tissucs [25] . 
Small variations in antenna-nearby objccts position and orientati on cou ld significantl y 
influence the energy absorption and di stribution within the exposed body. The dipole 
and monopole antenna feed point employed in [1 7, 18, 26] was placed at about the 
center of the earring. However, to a ll ow a more reali stic condition of operating a 
mobile handset, the monopo le antenna in thc CUITent expcrimcnts is placcd at 20 mm 
from the surface of the cubic phantom for frequencies of 900 M Hz and 1800 M Hz. A 
loop o f different sizes was kept at 4 mm di stance from the phantom surface with its 
top leve l with the feed point of the monopole antenna (top case) (sce Figurc 3.5-3 (a)), 
whi le the monopole feed point is placed behind the center of the loop in the middl e 
Case (sce Figure 3.5-3 (a)). At 900 MHz, the relati ve permitti vity (E,) of the HSL is set 
to 41 .5 with conductivity (0) of 0.97 S/m. 
Figure 3.5-3 (b) shows th e effect of pos it io nin g the monopol e antenna reed po int in 
the midd le of the loop and at th e loo p's top (sce Figure 3.5-3 (a)), both at 900 and 
3- 10 
Chapter 3 Metallic Loop-like Jewe llery Items and Va lidation to the TLM Model 
1800 MH z. The results of a dipole antenna at 1800 MHz arc also shown for 
comparison with the monopole. It can be seen that the position of the antenna feed 
point relative to the metallic loop near the phantom noticeably alters the averaged I g 
SAR va lues especially for the loop with circumference of 0.91... Significant changes 
arc observed with the monopole antenna on top of metallic box at both 900 MHz and 
1800 M Hz cases. 
'lJ4 
(a) 
Monopolc Earring 
antenna 
120 
Top 
" 
antenna 
Units in Illlll 
0 ------------,--------------------. 
0.6 0.7 0.8 0.9 1.1 
Cb) circu mfe rence ofloo p (waveleng th) 
Middle 
-B- monopolc 1800 middle 
____ Illol1opolc 1800 lap 
--monopole 1800 no loop 
. . -E> . . dipole 1800 middle 
--- . -- dipole 1800 lOp 
- - • - dipoicl 800no loop 
----fr-- monopo lc900 midd le 
.-.- ll'lOnopolc900 lOp 
-- nXHlopolc9(X) no loop 
Figure 3.5-3: (a) Different anl enna feed point position relati ve to the metallic loop and (b) the 
averaged I g SAR in the cubi c phantom at 900 and 1800 MHz. Metallic loop was placed at 
4 mm from the phantom in all cases. 
In the next in vcst igation, the monopole antenna was placed at different di stances (d) , 
namcly at 20, 25 and 40 mm from the phantom 's surface. The metalli c loop of 2 mm 
length and thickness was fi xed at 4 mm from the phantom surface (sce Figure 3.5 -5 
(a)). As ex pected, the averaged SAR increases significantl y when the radi ating source 
was placed closer to the phantom [27,28]. The resu lts are shown in Figure 3.5-4. The 
3- 11 
Chapter 3 Metallic Loop-like Jewellery Items and Validation to the TLM Model 
hi ghest ave raged I g SAR is observed when the antenna was plaeed at 20 mm from 
the phantom compared to 25 and 40 mm. However, the effect of the metalli c loops 
placed at 4 mm from the phantom could va ry dependi ng on their sizes relative to the 
wavelength and the operati ng frequency. 
I gSA R 
10 (W/k~) 
8 
2 
o 
900 M Hz C 40n1ln no loop 10 
C 25 1111n no loop 
C 20111111 no loop 
. 40mm loop 
• 25mm loop 
. 20111111 loop 
It 
re nce or 
loop (wan· )f.'nglh) 
8 
4 
cirC llmfere nce of 
IOOI} (wa \'Clc nglh ) 
Figure 3.5-4: The effect of different ante nna distances from the phantom surface, with and 
wilhoul melallic loop al 900 MHz and 1800 Ml-l z. These graphs correspond 10 Ihe simulalions 
defined by Figure 3.5-5 (a). 
Nex t, the monopole antenna feed point is placed at 20 mm from the phantom surface 
and the length of the loop (l) is changed to 5 mm whil st the thickness is kept 2 mm 
(sec Figure 3.5-5 (b)). In thi s case, the effect of the meta ll ic loop length on SAR was 
observed. Following these experiments, the effect of a metallic loop when placed 
beh ind the antenna was investigated. The metall ic loop with both 2 and 5 mm lengt h 
(I) were oriented perpendicul ar (horizonta l) to the handset body and the phantom ; and 
placed at 12 and 24 mm (d) behind the antenna (sec Figure 3.5-5 (c). Thi s orientation 
wou ld represent the case of weari ng a ring on the human fi nger. The loop's length and 
diameters were also varied. The latter model inc ludes both the loop in the front and 
behind of the antenna feed point ( cc Figure 3.5-5 (d)). These may represent the case 
when both earring and ring wom in close proximity to the head and the antenna. The 
ring (loop behind the antenna) in thi s case was 5 mm in length and placed at 12 and 
24 mm distance (d) behind thc antenna, while the earring was 2 mm in length and 
fi xed at 4 mm from the phantom surface. The results for the above mentioncd cases 
arc shown in Figure 3.5-6 to Figure 3.5-7. 
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lJ4 
Monopole Earring 
antenna 
lJ4 
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t : 
Ring -...: 
Monopole 
antenna 
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Earrin g loop 
t 20 
(a) 
Finger ring 
(c) 
Thick earri ng loop 
lJ4 
M onopole Earring 
Z antenna 
i L x 
Monopolc Earring 
antenna 
(b) 
Finger and car ring 
(d) 
Figure 3.5-5: Simu lations of di ffere nt loop sizes, orientat ion and distances from the antenna: 
(a) a simulation of different loop sizes at a range of distances (d) from a cubic phantom with 
the top of the loop level with the antenna reed point; 
(b) the monopole feed point and was fi xed at 20 mm from the phantom surface, the loop is 
fix ed 4 mm from the phantom surface and it s lengt h (I) was varied (2 and 5 mm); 
(c) the loop is o ri ented perpendi cular to the ha ndset body and placed at (d) di stance behind the 
antenna feed point, the loop length (I) was vari ed between 2 and 5 mm; and 
(d) the loop in the front (2 mm length) and behind (5 mm length) the antenna are included. 
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The results presen ted in Figure 3.5-6 and Figure 3.5-7 are for the mono pole antenna 
placed 20 mm from the phantom surface. The antenna feed po int is leve l with the top 
of the metallic earrin g placed in front of the antenna (parall el to the phamom); but in 
seri es with the ring pos iti oned behind the antcnna (perpendicular to the phantom 
surface). The results presented in [1 8) ha ve found that th e meta ll ic earrings, meta lli c 
loops and rings have an effect on SAR. Howevcr, the study howed that these e ffects 
werc dependem on the metalli c objects/imp lants size, orientation relati ve to the 
antenna, frequency o f operation and prox imity to th e hum an body. 
In thc current simu lations (sce Figu re 3.5-5), the averaged I g SA R at 1800 MHz 
genera lly decreases in the presence o f a meta ll ic loop at 4 mm from th e phantom 
surface (see Figure 3.5-6). However, the average I g SAR va lues at 900 MH z arc 
signifi cant ly increased when thc loop c ircumference is in the range of 0.6-0.8A.. In 
addit ion, meta ll ic loops placcd 12 and 24 mm behind the amenna have genera ll y a 
lower averaged I g SAR rega rdless o f the length (2 or 5 mm) at both frequencies 
tes ted. 
10 
8 
2 
1800 MHz 
I'. ........ , ~ .~~, .... . ~ 
-=,' / . 1'.. r~':V r,------L-----, 
"-/ . ' . . . . . _____ 1211'1111 back (1 2mm) 
. ~ .. .... 
.,." , "0' : ... . -. _ . -r>.. _ . ' .... ·8 · - t2"ml back (IS".,,) 
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Figure 3.5-6: Meta ll ic loop thickness. position and orientation effect on the averaged I g SAR 
at 900 MHz and 1800 MHz. This graph corresponds to the case defined in Figure 3.5-5 (b and 
c). 
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Virlanen Cl al. [26] suggcsled thal a meta ll ic object pos itioned para ll el la the antenna 
may results in notab ly higher SAR. However, from the results of the currenl 
simulalion in Ihis thes is (sec Figure 3.5-6) it was found thal metall ic loop thal is 
perpendi cular to the antenna and Ihe phantom surface, and placed behind the antenna 
could poss ibly he lps to reduce Ihe SA R inside the phantom. Bes ide that, meta lli c ring 
(beh ind the antenna) could aller Ihe averaged I g SAR resulted by the presence of 
meta ll ic earring (4 mm in front of the phantom) ( ee Figure 3.5-7). The changes on 
the averaged I g SAR due to Ihe ring (behind Ihe antenna) indicates considerable 
coup ling between the antenna with both the metall ic loops of the front and behind the 
antenna although the effect is quite sma ll However, the phantom model emp loyed in 
th is simulat ion was high ly simplified; while the metallic ea rrings or rings position are 
completely approximated to the COITe ponding fl at phantom. Hcnce, the correct 
posit ion ing of the ring on the finger and the earring on the ear (in the simulation) is 
very important as the presence of the human head and the hand may introduce 
di ffe rent affect on SAR va lues. The effect by the presence of meta lli c loops may 
thcreforc be vari ed depend ing on the size, ori entati on relative to the antenna , 
frequency of operat ion and the proximity to the corresponding body. 
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bJl 
2 
0 
0.4 
1800 M Hz 
t , , 
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-- 1800 no loop 
____ wit h ring l2ll1mback900 
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1.1 
Figure 3.5-7: The effecI ofmelallic ring (a l 12 or 24mm behind Ihe anlenna) and Ihe earring 
(4 mm from Ihe phanlOm) presenl on Ihe averaged I g SAR wilhin Ihe phanlom. This graph 
corresponds 10 Ihe case defined in Figure 3.5-5 (d). 
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3.5.2 Effect of metal types 
So far, the simulations ha ve been presented for copper; however few jewellery items 
are made of copper. The reason for choosing thi s material was to enable economical 
ex perimenta l verificat ion, where poss ible. In practice a range of meta ls such as Si lver 
(Ag), Titanium (Ti), Gold (Au), Platinum (Pt) and, more recentl y, Palladium (Pd) are 
used. To in vestigate the effect of different material s used for jewellery on SAR at 
900 MHz and 1800 M Hz, bes ides copper (C lI), the loop in thi s section was given the 
properti es of Sil ver (Ag) and Platinulll (Pt). However, there are onl y marginal 
differences between conductiviti es of these metallic propenies, so that the effect cause 
by thi s variation on SAR in the head is almost negligible (see Figure 3.5-8). 
10 1800 MHz 
,L 
, 
2 900 MHz -Q- Copper, Cu 
-.- Silver, Ag 
~ Platinum, PI O +---------------,-~~~~~~ 
0.4 0.5 0.6 0.7 0.8 0.9 1.1 
circum!. re nee of loop (wave length) 
Figure 3.5-8: Different metallic loop material effect on the averaged I g SAR results. 
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3.6 A study on the effect of meta llic ring worn on human 
fingers using a very simplified homogenous cylindrical 
model 
In order to quantify the effect of the jewe ll ery (rings and bangles) wo rn on the human 
hand and wri st, a se ries of simulati ons utili zing T LM were performed using a 
simplified homogeneous cylindrica l model representing human finger or arm. A range 
of rings and bangle sizes were modell ed both with and without dielectri c present. The 
geometrica l configurat ions employed in the simulat ion study arc shown in Figure 
3.6- 1. In order to provide simple va lidation of the model, the resonant frequencics of 
the rings in free space (see Figure 3.6- 1 (a» were first verifi ed with analytica l 
ex pressions. The simulated frequency is within about 6% of the theoretica l va lue, 
which seems reasonable given that the simulati on includes the effects of rea li sti c 
materia ls, finite thickness of the rings and since it also includes some errors due to the 
di scretisati on effects of the meshing process. 
y Fi nite thickness 
Metallic ring. 
material Ag 
(a) 0 _ 
-
x 
Dielectric inclusion 
representing human 
body part 
900 M ll z 1800 MHz 
E, = 41.5 E, = 40.48 
(J = 0.97 S/Ill (J = 1.37 S/m 
(c) 
Figure 3.6-1 : (a) Ring or bangle in free space. (b) ring or bangle wi th dielectric materia l 
(representing jewellery worn on the huma n hand) and (c) definition of the model parameters. 
The sizes shown are for the ri ng size Zlh. 
Thc resonant frequency for different meta llic rings/bangles sizes arc shown in Figure 
3.6-2. A homogcnous di electric inclus ion was then introduced to represent a ring 
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worn on the finge r or a bangle worn on the wrist (Figure 3.6- 1 (b)) . The (frequency 
dependent) parameters used in the di electri c were the same as those for standard 
ti ssue equi va lent liquids. In each case the exc itati on was prov ided by means of a plane 
wave with unit magnitude electri c fi eld ori ginating from the +z direction and 
polari sed in Cl. = 0 (Figure 3.6- 1 (c)) . The results are shown in Figure 3.6-3. 
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(b) 
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Figure 3.6-2: The (a) rings and (b) bangles resonant frequencies relati ve to the loop sizes (no 
dielectri c inclusion). 
From Fi gure 3.6-2, as expected, the larger rings have the lower resonant frequencies 
and it was fou nd that onl y the larger bangles are li able to ex hibi t any resonant 
beha vior in the mobile frequency bands of interest (900 or 1800 MH z). The 
introducti on of the di electri c into the model furth er complicates matters since the 
resonance is both shifted in frequency and is heavily damped due to di electri c losses. 
In order to study the changes brought about by di electri c loading a seri es of plots were 
obta ined for the electric fi eld magnitude inside the ring. Due to the geometri cal 
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symmet ry, it was convenient to use the polar coordinate system of Figure 3.6- 1 (c) 
and to plot the electric fi eld as a function of 0. fo r - 180 'S 0. S 180' . The ca lcu lat ions 
were made for various combi nations of the ring and the dielectric inclusion. The 
electric fi cld va lues we re computed for regions just inside and just outside the 
di electric for compari son purposes. In the simulations with both di electri c and the 
ring, there was a small gap deliberately introduced in between the two of 
approximatel y 0.67 mm. A typical result for a ring size Zv, is shown in Figure 3.6-3. 
In each case the exc itation was provided by means of a plane wave with unit 
magnitude electric fi eld originating from the +z direction. 
~ring : n o 
dielectric 
~ ring+diclcctric' 
in gap 
-.-. ring ldielec tric 
in dielectric 
- 180 -150 - 120 -90 -60 -30 0 30 60 90 120 150 180 
angle (theta) 
Figure 3.6-3: Electric field magnitude simulated in the gap and inside the dielectric wi th and 
without the dielectric inclusion at 900 M Hz. 
The electri c fi eld ampl itude of the ring ZY, at 900 MH z is significant ly damped with 
the hand present due to di electric loading in thi s ori entat ion reducing the electric fi eld 
both at the centre of the ring and in the gap between Ihe ring and the dielectric (Figure 
3.6-3). The simulat ion results seem to suggest that the SA R va lue in Ihe finger is 
marginally allered by Ihe loop. However, the model is great ly simplified and a more 
deta iled model incorporating a nearby rad iator and a rea listi c hand phanlom would be 
needed in order to fu ll y verify this resu lt. In addition, the model only considers the 
effccl of a dielectric pass ing through the centre of a ring. For a finger-worn ring, there 
may be an e ffect on objecls direcll y adjacent 10 the ring, such as the olher fingers or 
Ihe hcad. 
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3.7 A study on the effect of metallic ring worn on human 
fingers using a simple scannable block hand phantom 
As the models presented in Section 3.6 arc hi ghly simplified, thi s sect ion introduces 
another simple geometrica l reprcsentation of a human hand that includes the fingers, 
which pennit a metalli c ring to be worn on the finger. The electric field di stribution 
within the finger (without ring) was measured using a phantom and compared with 
th e case when the ring is worn in an iso lated fin ge r. The measurement results were 
then compared with simulat ions with different propert ies of simulating liquid used in 
the hand model. The geometrica l configurations employed in the measurement and 
the simulation studies arc shown in Figure 3.7- 1 and Figure 3.7-2. The handset was 
taken to be a metallic box (90 x 16 x 44 mm) with a )",/4 monopo le antcnna on top of 
it. Measurements were carri ed out using a DASY 4 system . The hand phantom was 
constructed from ABS plastic (3 mm thick) and fi ll ed with HSL at 900 MHz and 
1800 MHz (Table 3.7-1 ). 
The field di stribution within fingers I, 2 and 3 were measured along z-direction in x 
and y-plane. Due to the size of the probe body, on ly about 4 mm di tance can be 
measured in the x and y-plane within each finger (refer to the so lid-b lack dots in 
Figure 3.7-2). A metallic ring was introduced into the measurement set-up (worn on 
finger 2) in order to examine any change in the electric field magn itude within the 
fingers. In each case, the exci tation was provided by means of a CW source at 
900 MHz and 1800 MH z. All results in thi s section are norma lized to 0.25 W of 
power. The same geometri ca l configurations as the measurement are then rep li cated 
in the simulations. The effccts of a ring worn on human hand werc si mulated using 
Microstripcs TLM. Thc ABS plas tic relat ivc permitt ivity was sct to 3 with a 
conducti vity of - 0 S/m. The ring invest igated was mode ll ed as copper with a radius 
of 16 mm, 2 mm thick and 5 mm widc . Thc simulat ion rcsults were then compared 
with the measurements. Fut1h er study on the effect brought about by the ring is 
performed by extending thc measurement points closer enough to the edge of the 
inner finger diamcter (refer to the red line-dots in Figure 3.7-2). These points were not 
reachablc by the probe in thc measurcments. Three scenarios were then considered in 
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simulations: (i) et the inner hand with the head liquid propert ies, (ii) set the inner 
hand with musc le properties (named ' musc le' in the result) and (iii) reduce the 
thickness of the ABS to 0.1 mm and then set the inner hand with muscle properties 
(named ' homo' in the results). The mu cle properties (E" 0) used in the hand model 
were the same as those for the standard ti sue equi valent liquids recommended by the 
IEEE Std . 1528 and Fee [29]. 
Table 3.7 -1 : Head tissue simulating liquid (I-I SL) 
parameters filled in the hand phantom [29]. 
(a) (b) 
Figu re 3.7-1 : (a) Measurement setup : a hand phantom filled wi th head tissue simulat ing 
liquid, excited by means of W source at 900 and 1800 MHz, and (b) simulation setup: a 
hand phantom fil led with head/muscle properties, with a ring worn 011 finger 2. 
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Figure 3.7 -2: Points measured in the measurement and simulations (e) and the extended 
poin ts set in the latter sillluialions (s). 
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3.7.1 Simulation and measurement res ults 
In order to study the changes brought about by the ring inclusion, a seri es of plots 
were obtained fo r the electri c fi eld magnitude inside the finge rs. Figure 3.7-3 
illustrates the electric field magn itude changes by the ring within finger 2 at 900 MHz 
and 1800 MHz. The black vertical lines represent the position where the ring is 
placed. The ring appears to give only a minor effect on the E-field magni tude along z-
direction at 900 MHz but significantl y increases from the bottom (point 65) to the top 
(point 70) of the ring at 1800 M Hz. However, the hand phanto m shell is quite thi ck 
and the points measured were far in the center, the ring effects are expected to be 
more noti ceable when the measured points are place closer to the edge of the inner 
fin ger. 
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Figure 3.7-3: E-fi eld (Vim) along z-axis in fi nger 2 for the simulation and the measurement. 
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The latter results present the extended simulatio ns with the measured points were 
placed closer to the edge of the inner finger (see Figure 3.7-2). The resu lts shown in 
Figure 3.7-4 arc for th e E- fi eld magn itude aro und the ring at point 65 in the finger 2. 
Thc ring does significantly altcr the E- fi eld magnitude espec ially at the points that 
were very close to the antenna (0°< 8 < 180°). The same phenomenon was observed 
for the hand phantom fill ed with ' musc le' and ' homo ' properties. In addition, the ring 
worn on the finger 2 can al so affect the E- fi eld magnitude inside the adjacent fingers. 
The E-field magnitudes in the adjacent fingers (finger I and 3) are shown in Figure 
3.7-5. The rcsults shown are for the points along z-direction at 8 = 00 within finger I 
and 8 = 1800 in the fin ge r 3 at 900 MHz and 1800 MH z. The I g and 10 g SA R inside 
the hand with different ti ssue properties at both frequencics arc demonstrated in 
Figu re 3.7-6. 
(a) 
(b) 
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-180 -150 -1 20 -90 -60 -30 0 30 60 90 120 150 180 
Figu re 3.7-4: E-fi eld (V/m) magni tude inside Ihe fin ger 2, around Ihe poinls where the ring is 
worn. 
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Figure 3.7-5: The E-field magnitude changes in the finger I and the finger 3 due to the ri ng 
worn on finger 2. 
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Figure 3.7-6: The simulated averaged I g and 10 g SAR inside the hand at 900 MH z and 
1800 MHz fo r different tissue properties tested. 
From the results shown in Figure 3.7-3 to Figure 3.7-5, the metalli c nng onl y 
marginall y affects the E-field magnitude within the fingers at 900 M Hz but the effect 
was more noticeable at 1800 MH z. The metallic ring worn on one finger can also 
affect the E-fic ld magnitude in the adjacent fingers at both frequencies investi ga ted . 
The ring could potentially introduce additional effects as thc ring could experience 
loca l enhanccment of the electromagnet ic field near the metallic object. Figure 3.7-6 
shows Ihat the ring docs not seem to be ha ving much effect on the SAR, but there arc 
changes. As the metall ic ring worn on the human hand does cause not iceab le changes 
3-24 
Chapter 3 Metallic Loop-like Jewellery Items and Validation to the TLM Model 
in the E-field distribution and SAR inside the hand itself, it could also affect the SAR 
values inside the head when included in a complete simulation model. Hence, it is 
worth considering the metallic jewellery worn on the human hand when measuring 
the SAR. Nevertheless, it should be noted that there is a general trend for higher 
frequency communication devices and the influence of metallic rings may be more 
significant due to resonance effects. 
3.8 Conclusions 
In the first part of the chapter, the TLM method and Microstripes simulation software 
were discussed. The validity and accuracy of Microstripes (TLM) have been 
compared to the published results using other commercialized simulating software 
(FDTD). Next, series of simulations results were presented which included the effect 
of different size, orientation, and the location of metallic loops (ring/earring) relative 
to the antenna and the phantom. The results in this chapter were based on a particular 
simplified phantom, which does not provide any information about the real shape of 
the human head (with the inclusion of the ear). In addition, the exposure was only 
provided by means of two types of transmitter (dipole and monopole antenna). 
Nevertheless, this study enables conclusions to be made that generally valid within 
reasonable and specified limits. However, the results shown were very useful in 
understanding what effect that metallic jewellery worn on human might have on SAR. 
The simulation results in this chapter have shown that the metallic loop of a certain 
size relative to the wavelength and placed at some distance from the radiating source 
could significantly affect the SAR. In addition, the metallic ring placed behind the 
antenna could alter the averaged I g SAR due to the presence of a metallic earring 
(4 mm in front of the phantom), although the effect is quite small. The results also 
showed that the presence of jewellery ring worn on the human hand could influence 
the SAR. However, the influence on the result is affected by the proximity of the ring 
to the handset antenna and also the coupling effect between the antenna and the 
dielectric within the hand model. Due to RF field scattering, the metallic loops 
(earring, ring or bangle) could potentially exhibit resonance effects as the can 
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redistribute the incident RF energy around them and experience local enhancement of 
the electromagnetic field near the metallic object. However, the position of the 
metallic jewellery items on the finger or on the ear is of great importance as the 
human head and the hand may have a different affect on SAR. The effect of the 
metallic loop may be varied depending on its diameter, orientation and proximity to 
the antenna and the human body, and the frequency of operation. Therefore, it is 
worth considering the metallic jewellery worn on the human hand when measuring 
the SAR. The fact that the higher frequency has a greater influence may be relevant to 
current trends in personal mobile communications. The next chapter will present 
simulation results of SAR inside a homogeneous spherical head model in the presence 
of a block-hand model and metallic loop-like jewellery items. 
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Model and Jewellery on SAR and Antenna Performance 
4.0 Introduction 
As explained in Chapter 3, metallic loops placed at some distances from the antenna 
and the cubic phantom can have a notable effect on the SAR values inside the 
phantom. This chapter will further investigate the effect of the hand and metallic loop-
like jewellery items worn on the human head and the hand on SAR and on the antenna 
performance. The previous chapter used a very simple cubic phantom, but a more 
realistic configuration will be considered in this chapter. 
A simple homogeneous spherical head and a block-hand model are employed in this 
chapter. The latter study includes a block hand model with cylindrical fingers, which 
allow the effect of metallic rings to be studied. The ring is placed on different fingers 
for comparison. In addition, this chapter also includes the effect of wearing metallic 
rings on the side of the head on SAR. Results are presented for different sizes of 
earring. The effects are also shown in combination with the effect of different 
positions of the ring on the hand at two different frequencies (900 MHz and 
1900 MHz). The latter section in this chapter will show results of the effect of the 
simple head model, the block-hand model, the earrings and the rings on the antenna 
radiation patterns. 
4-1 
Chapter 4 The Effect of a Homogeneous Spherica l Head, a Block I-land 
Model and Jewe ll ery on SAR and Antenna Performance 
4.1 Anten na, spherical head and block-hand models 
4.1.1 Antenna and handset model 
Simulations were performed by means of Mierostripes (TLM) for the 900 MHz and 
1900 M Hz bands. The handset was modelled as a 1../4 monopole antenna mounted on 
top of a meta l box. The monopole antenna is eenter-fed at its end on the top the meta l 
box (sce Figure 4. 1- 1). The antenna length was adjusted so it was resonant at the 
required fr equency. The reason of using thi s type of antenna is due to its simplic ity (in 
the structure) and repeatability; it cou ld be positioned easil y with respect to the head 
and allows easy comparison with measurements. The handset body was modelled as 
meta l with no dielectric cover since research by Lee et al. [ I] suggests that di electric 
covering on the anten na or the handset has no sign ifican t effect on SAR in thi s 
scenano. 
-16 
Figure 4. 1-1 : A )J4 monopole antenna by itse lf; is cent er- fed at its end on the top of a metal 
box, whi ch dimension 90x 16x44 mm. 
In terms of the orientation of the handset-antenna relative to th e head, the head model 
used by [2-4] was rotated (rather than the handset) in order to avo id problems with 
mesh stair-casing affecting the handset model. The stair-casing has the potenti al to 
change the wire antenna 's electri ca l length , thus shifting its resonant frequency [5]. 
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However, in the current thes is, the handset body needs to be ro tated due to the 
difficulty of modeling a hand and there werc practical problems with the meshing 
which will be di scussed in Chapter 5 later. The ang led handset-antenna ori entation 
(sce Figure 4.1- 1) is assumed to be the' free- space' case and the ce ll sizes a long the 
ha ndset- model wcre kept the same throughout a ll th e simu lat ion cases considered in 
th is chaptcr. In th is simple spherica l head co n fi gurati on, thc ER r ! is assum ed to be at 
the eenter on the ri ght hand s ide of the spheri ca l hcad model (Figure 4. 1-2). 
A monopole 
antenna on top 
of a metal box 
Z 
i L x 
A homogeneous 
spherical head 
ERr is assumed at 
the center on the 
s ide of the spherica l 
head 
Figure 4.1-2: A handset-antenna model and its position relati ve to the spherical head. r is the 
radius of the spherical head. 
4.1.2 The block-hand model 
In thi s chapter, a simple homogeneous block-hand is modelled in order to investi gatc 
any effects that the hand alone mi ght have on SAR and on the antenna radiat ion 
performance (Figure 4. 1-3 (a)). As proposed by Mori shita et a l. [6] the hand modcl in 
thi s chapter is wrapped aro und the three sides of the handset and the effects of the 
hand positi ons relat ive to the anten na arc a lso considered . Li et a l. [7 , 8) found onl y a 
margina l e ffect and negligible difference in the results of a hom ogeno us and an 
inhomogeneous hand model and hence a homogeneous hand model has been 
assumed . The hand model is filled w ith tissue s imulating liquid equiva lent with the 
muscle properties at 900 MH z or 1900 MH z, (sce Table 4.1-1 ) (as recommended by 
IEEE Std. 1528 [9] and FCC [10)) . The latter study of the current chapter wi ll em ploy 
t ER r is a specific reference lI sed \0 align a lest device 10 the head phantom. For the SA M head 
plwnlol11, the ER!' (Ien and right) is loca ted 1.5 CIlI \lbo ve Ihe centre or lhe car cnnal entran ce r10] 
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a block-hand model that inc ludes cylindrical fi ngers, whi ch enables the effect of 
meta lli c ri ngs to be investigated (Figure 4. 1-3 (b)). 
: I 
.--
'\ 
" 
\ 
~ \ \ 
~ \ (a) (b) , 
10 Units in mm 
Figure 4. 1-3: Simple homogeneous block hand model (a) without cy lindrica l fin gers and (b) 
with cylind rica l fi ngers. (d=di ameter) 
Table 4.1- 1: Dielectric properties ror the head and the hand at 900 MH z and 1900 MHz [11] . 
I r~qllcnc) l)OO \1111 190() \1111 
Model E, cr (S/m) E, cr (S/m) 
Head (HSL) 41.5 0.97 40 lA 
Hand (Body tissue) 55 1.05 53.3 1.52 
4.1.3 The spherical head model 
Sim plified geometries incorporat ing a single tissue type are adequate 111 many 
circumstances [ 12] . and require only moderate computationa l effort in tem1S of 
mode ll ing and process ing time. The head mode l used in th is chapter is a simp le 
homogcneous spherica l head with the radius (r) set to 105.5 mm (as in [1 3]) (sce 
fi gure 4. 1-2) . The spher ica l head is modelled with head si mu lating liqu id as defined 
already in Table 4. 1-1. The materials chosen arc equivalent to the ti ssue simu lating 
liquids avai lable for the measurements. These properties are also used for the realistic 
head and the hand model in Chapter 5 and Chapter 6 later. 
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The SAR results presented in this thesis were obtained directly from the computer 
software and calibrated to the value of power delivered at the output of the antenna. 
This value accounted for the reflected power due to the antenna mismatch [14]. The 
value of the forward power into the system is accessed through the (.io) file and 
tagged as 'Power IN' in the simulation results. Note that a typical handset would have 
a delivered power of 0.25 Wand 0.125 W at 900 MHz and 1900 MHz respectively. 
These values are about 118 of the mobile phone's permitted maximum transmitted 
power under its real operating conditions [15, 16]. These power values were used to 
normalize the SAR values obtained from the computer simulations and measurements 
in this thesis. 
4.2 The effect of metallic ring worn on the hand on SAR 
(within the hand) 
4.2.1 Different hand model shape and size affect on SAR 
In this section, a block-hand model (see Figure 4.1-3) is placed at certain distances (h) 
from the feed-point of the monopole antenna in order to investigate the effect of the 
hand holding the handset. The results for the block-hand model are compared with the 
hand model that includes cylindrical fingers on it (Figure 4.1-3 (b)). The head model 
was not considered in this section. 
The effects of the block-hand (with and without cylindrical fingers) holding the 
handset at 900 and 1900 MHz are shown in Figure 4.2-1. Figure 4.2-1 also includes a 
block-hand with smaller cylindrical fingers (d=17 mm) for comparison. The dashed 
lines with symbols represent the effect of the hand at 900 MHz, while the solid lines 
with symbols are for the effect at 1900 MHz. Figure 4.2-1 demonstrates that the 
averaged I g SAR inside the hand is only marginally influenced when the hand is 
placed on the bottom part of the handset (-h). As the hand begins to cover part of the 
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antenna (h>O) , the averaged I g SAR values signifi cantl y increase (by more than 
50%) compared with the case when the hand does not shield the antenna (h<O) . Thi s 
appears to be the case at both 900 and 1900 M Hz. These results show the same trend 
as the results in [2]. For the same simulation but addi ng the cy lindrica l fingers further 
changes in the SAR can be observed. The cffect brought about by all three different 
block-hand models in vesti gated show agreement in thc trcnd. Consequent ly only the 
block-hand mode l with cylindri ca l fingers (d=21 mm) will be emp loyed in the next 
simulations as it cnable the effect of metall ic rings to be studied . 
~ 
ell h+ 
"" ~L--o- -o- ~ 
~ ~::::::~::~~~':' :::::" ±I~~~ 
ell ......... . ..... .. 
1.0 
..... .. 900 hand 
-0-- 1900 hand 
. ..• . . 900 hand w fin gers ~ J 900 hand w finbrcrs 
.. .• ... 900 hand \V small fin f:,'Crs ~ 1900 hand W Sill"!! fingers 
• t5 
-10 -5 0 5 10 
position orthe hand h (mm) 
Figure 4.2-1 : The averaged I g SA R inside the hand versus the hand position ' h' from the 
antenna feed point. (Result are norma lized to 0.25 W at 900 MHz and 0.125 Wat 1900 MHz) 
4.2.2 The effect of metallic rings worn 011 the hand 011 SAR 
In order to in vestigate the effect of the meta lli c ring worn on the human finger on 
SAR (inside the hand), a metalli c ri ng was placed on spec ified fin gers named 
index (i), middle (m) and ring (I') fin ger (Figure 4.2-2 (a» . As the results presented in 
Chapter 3 showed no important di ffe rence between different types of metal (copper, 
sil ver and platinum), so that the metall ic rings in thi s chapter arc modelled as copper. 
The geometric representati on of the meta lli c ring employed in th is chapter is shown in 
Figure 4.2-2 (b). 
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Ring III 
(b) 
uni ts in mm 
Figure 4.2-2: (a) The metallic ring worn on differen t fi ngers and (b) a geomet ric 
representation of the ring worn on the specified fin ger. 
Figure 4.2-3 shows the effect of the variou metallic rings on the averaged I g SAR in 
the hand at 900 and 1900 M I-I z. The hand model was placed at 11=0 and h= I 0 mm 
with respect to the monopole antenna feed point (see Figure 4.2- 1). The ring was 
placed on different fingers for comparison. The solid and the dashed lines rep resent 
the case of the hand without the ring whil st the columns representcd thc effcct of the 
ring. Figure 4.2-3 suggests that a ring worn on thc finger could alter the averaged I g 
SA R inside the hand at both frequencies tested, but the effect varies depending on 
wh ich finger the ring bcen placed. Genera ll y, an increase was seen in the averaged I g 
SAR in the hand at 900 Ml-l z, and a decrease in the averaged I g SAR at 1900 Ml-l z 
for the metallic ri ngs investigated in thi s case. In addition, Figure 4.2-3 (b) shows that 
metall ic rings are unlikely to significantly affect the averaged 10 9 SA R va lues inside 
the hand at either frequency. The averaged I g SAR in the hand was signifi cantl y 
increased when the hand shaded part o f the antenna at h= I 0 mm, however th is 
part icul ar position, whilst not complete ly infeasible, wo uld be quite an unusua l and 
inconvenient operating position. The hand will be placed at the ' normal ' 11=0 position 
in the next simulations. 
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3 . 5 ~----~--------------~----------------------~ 
_ hand+ring (h=O) _ hand+ring (h= I 0) 
3.0 
0;, 2.5 
.:< 
-~ 2. 0 
0:: _ 
< I.) 
(fJ 
~ 1.0 
0.5 
(a) -L-_ 
0.0 
- - - - hand (h=O) ---- hand (h= I 0) 
900 MHz 1900 MHz h=IO 
ring pos ition on the finger 
I. 2 T--I;;;;;;;;~::::I:~fh:ml_;;;;;;;;~;;:;:::;:.;:-;;-(ih::li\O;-r-~ 
_ hand+nng ( =1 ) 
0;, O. 9 
S 
C-
o:: 0.6 
< (fJ 
OJ) 
o 
- 0.3 
(b) O.O-L--
---- hand (h= I 0) 
900 MHz 1900 MHz 
____________________ 2h~= 1 0 
h=O 
m r 
ring position on the finger 
Figure 4.2-3: The averaged (al I g and (b) ID g SAR inside the hand with and without the 
rings . The hand model is placed at /'=0 and h= I 0 mm. 
Figure 4.2-4 illustrates the peak SAR di tribution inside the hand at 900 MH z and 
1900 MH z. The peak SAR di stributions presented in this thesis are shown on a 
logarithmic sca le (dB) to give a clearer picture of the SAR di stributions owing to the 
presence of meta lli c jewellery on each casc investigated . The 0 dB poin t is takcn as 
the SAR in thc compu tat iona l ccll with the maximum computed va luc. Thc va luc for 
each fi gure is normali zed to the peak voxe l va lue for Ihe particular plane. For this 
simulati on, the maximum SA R generall y appears on thc closcst part of the hand to the 
antcnna and the handset body at both frequencies when no ring is worn. Howcver, 
when thc ri ng is added in to the model (sce Figure 4.2-4), the SAR is enhanced at the 
edge of the ring on the finger wearing the ring and also on a smal l part on th e adjacent 
fin gers. Nevertheless, it can be seen that the metal ring has stronger effecl at 900 MHz 
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compared to 1900 MHz. At 900 MHz, the SAR is still enhanced around the ring on 
thc ring finger that is far awa y from thc antcnna; hence the fields at lower frequency 
pcnetrate deeper than at larger frequen cy [1 7, 18]. 
(a) 
(b) 
-1 . le+002 -83 -ss _ _ _ -2 .. 8 ... __ ~OSAR (dB) 
Figure 4.2-4 : The maximum SAR distribution within the hand at (al 900 MHz and (bl 
1900 MH z. 
Although measuring the SAR inside the hand secms to be less important since thcrc 
arc no sensiti ve tissues inside the hand as in the head (i.e. eye, brain). However, the 
previously published research has shown that the hand absorbed part of the energy 
radiated by the antenna [19] and could significantl y modify the SAR within the head 
[2, 20-22] . Hence, the result in thi s section has confirmed that metalli c rings worn on 
the fingers can notabl y altcr thc averagcd I g SAR inside the hand. Therefore, it is 
expected that the metallic ring worn on the hand could also have effects on the AR 
values inside the head. As a result, the metallic ring will be included in the following 
simulat ions wh ile investigating the effect of the hand and the metallic loop- like 
jewcllery (earring and ring) on SAR within the head. 
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4.3 The effect of the spherical head, the hand and the 
metallic jewellery on SA R (in the head) and on the 
antenna performance 
4.3 .1 The effect of the hand and the metallic rin gs worn on th e hand 
on the SAR values in side th e head 
Jensen and Rah mat-Samii [12] , Fayos-Fernandes Cl al. [13] , Okionewski and Stuchl y 
[23] and Ruoss [24] have shown that a simple spherica l head is very useful For 
estimating the effects of SAR. In thi s chapter, thc simple homogeneous spherica l head 
discusscd in Section 4. 1.3 is employed to invesl igate Ihe effect of the hand and the 
metalli c jewellery items on SAR. The mobi lc ha ndset (sce Figure 4.1- 1) is placed 
very close to the right hand side of the head , above the ERP (see Figurc 4. 1-2). To 
investigate the effect of the hand on SAR va lues inside the head, a block-hand model 
with cylindrica l fingers (as employed in the earlier section) is added into the 
simulation model. The hand holds Ihe handset in the check po ition with its top level 
with the antenna feed poinl (11=0) (F igure 4.3-1 (b». The head and the hand model 
reso lution is set to Am;nll 0, where A",," is the wave length within the di electric malcri al 
having Ihe highest permitti vity (dielcctric constant). The SAR results presented in th is 
section are normalized to 0.25 W at 900 M Hz and 0. 125 W at 1900 M Hz. 
(a) (b) 
Figure 4.3-1 : A homogeneous spherica l head model wilh a mobile handsel placed very close 
10 Ihe righl side oFlhe head in Ihe 'cheek' posilion, (a) wilhoullhe hand and (b) wilh Ihe hand 
model. 
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The averaged I g and 10 g SA R results inside the head with and without the hand arc 
shown in Table 4.3- 1. Genera ll y the averaged I g and 109 SA R va lues rose as the 
frequency was increased due to higher conducti vity and thus absorption in tissues. It 
can be seen that the average \ g and 10 9 AR values within the head arc decreased 
when the hand is added into the simulation for 900 MH z. A simi lar trend was found in 
[23]. However, Table 4.3- 1 shows that the averaged I g and 10 9 SAR inside the head 
were increased when compared to no hand for an antenna operating at 1900 MHz. 
The increased in SAR at 1900 MHz can be explained partly by the reflection at the 
hand-dielectric boundary. 
Table 4.3 -1 : The averaged I g and 10 g SAR in the spherica l head, with and without the hand 
(wi thout ring). 
I reqllenc, 91111 \111/ 1900 \\11/ 
SAR (\\ kgl I k,ld on I, \\ IIh h,lIId I k,ld onl) \\ Ith h,lIlll 
I g 
10 g 
5.59 5.30 
2.59 
6.64 
Furthermore, to accou nt for the effect brought about by a metalli c ring on SAR in the 
head, the meta ll ic rings (i, m and r) as employed in Sect ion 4.2.2 are added to the 
hand model (sce Figure 4.3-2). The ring dimensions and configurations for this 
experiment arc the same as in Figure 4.2-2 (b). The peak SA R and the averaged SAR 
( I g and \ 0 g) in the head were determined and compared with no rings. The ring is 
placed on different fingers for a compari son at two different frequencies. The effects 
of the hand wearing a ring arc illustrated in Figure 4.3-3. The straight line represents 
the head by itself, the broken line with symbols represents the head and hand , whi le 
the effect of the rings arc represented by the co lumns. 
Ringm 
Ring r 
Figure 4.3-2: A metall ic ring worn on different fin gers close to the spheri ca l head. 
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Fi gure 4.3-3: The effect of metallic rings worn on human fi ngers at 900 MHz (Ien) and 
1900 Ml-l z (right) on the (a) averaged I g, (b) ave raged 10 g and (c) peak SAR in the head. 
Figu re 4.3-3 shows that the influence ofthc rings on the averaged I g SA R in the head 
is much more significant at 900 MHz than at 1900 MH z where the effect of the rings 
on the averagcd I g SAR is minima l. At 900 MHz, the two positions ofrhe ring on the 
hand decrease th e avcraged I g SAR in the head by approxi mately 7%. However, the 
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ave raged 10 g SAR va lues inside the head do not change considerab ly owing to the 
presence of the rings worn on the hand at both frequencies (Figure 4.3-3 (b)) . 
Although the average I g and 10 9 SAR are usua lly cons idered in investigating the 
amount of energy absorbed in thc head, the peak SAR va lucs in smaller sca le may be 
important and shou ld be considered [13 , 25]. Thc cffeet of the ring worn on the hand 
on the peak SAR values in the head are presented in Figure 4.3-3 (c). ote that the 
peak SAR in the head is increased at 900 MHz when compared to the case of just the 
head and hand. This may be due to the coupling effect between the radiated fields 
with the dielectric bodies and the metallic rings, although the effect on the averaged 
SAR is on ly marginal. However the rings arc unlikely to influence the peak SAR in 
the head at 1900 M Hz. 
4.3.2 The effect of meta llic loop-like earrings worn on the ear on 
SA R inside the head 
The effects of metall ic earrings on SA R have been investigated in [13, 17, 26, 27]. 
These investigations found that meta ll ic earrings when worn close to a radiating 
source may cause a notab le cnhancement in SAR. However, none of the above 
ment ioned studies have accounted for the effect of the hand that holds the handset in 
ordinary use. 
In th is section, the effects of meta ll ic jewell ery (earrings and rings) on SAR inside the 
head arc investigated. The ea rrings with an outer diameter of 25, 30, 40, 50, 80 and 
90 mm are made of copper, whi le the size of the ring employed in thi s section is the 
same as in the previous experiments (F igurc 4.2-2 (b)). To invcsti gate the effect of 
mctallic jewellery, three different scenarios were examined (as in Figure 4.3-4); (a) 
the addition of metallic earrings to the head model (no hand), (b) the inclusion of 
meta llic earrings to the head and hand model and (c) the inclusion ofmcta llic earrings 
and ring to the head and hand modcl. In practi ce, an earring is usuall y pierced into the 
earlobe. However, for thi s simulation, the cdge of the carrings was attached and in 
direct contact to the right hand side of the head (not been inserted into the earlobe) 
(sce Figure 4.3-4 (a)). For the sccnarios band c, a block-hand (with cylindri ca l 
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fingers) was used. Meanwhi le, results in Figure 4.3-3 showed that the difference of 
the ring pos ition on the hand has onl y a very minor effect on the SA R inside the head; 
therefore the ring in thi s ex periment (for scenario c) is placed onl y on the index 
fin ger. In a ll scenarios considered here, the block-hand model and the mobile handset 
dimension and configurat ion are the same as employed in prev ious secti on. The 
frequeney dependent parameters (E" cr) used for the spherica l head and the hand are 
the same as those for the standard ti ssue equi valent li quids (as in Table 4. 1-1 ). 
Nevcrtheless, as in the prev ious cascs, the SA R results presented in thi s secti on are 
normali zed to 0.25 W at 900 M Hz and 0. 125 W at 1900 M Hz. 
z 
z 
(b)L x 
earring 
(c) 
2mm 
..--.. 
--
, ' 
I I ' 
Earring outer 
diameter 
A block-hand with 
cylindrica l ringers 
Figure 4.3-4: Three scenarios considered in the silllu lations. The metalli c earring is attached 
to the right side of the head, (a) without the ha nd, (b) with the hand holdi ng the mobi le 
handset and (c) with the hand weari ng a ring on the index finger. 
The results for the averaged SA R ( I g and 10 g) for all scenarios investigated (see 
Figure 4.3-4) are illustrated in Figure 4.3-5 . As expected the hand and meta ll ic 
jewellery affected the averaged SAR in the head , but the effect is vari ed dependent on 
the di ameter of the ea rring and the frequency of exc itat ion. 
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Figure 4.3-5 and Figure 4.3-6 shows that the peak and the averaged I g SA R in the 
head is generall y increased by the earring at 900 MHz and decreased at 1900 MHz. 
The inclusion of the hand decreases the averaged I g SA R in the head at 900 MHz by 
approx imate ly 9% compared to the ' no hand ' case. However, the hand In th is 
configu rat ion can also increase the averaged I g SA R in the head at the hi gher 
frequency considered in thi s study. It therefore appears to be impol1ant that the hand 
is included in the model. 
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Figure 4.3-5: The effeCI of Ihe hand and the jewellery on the averaged I g and 109 SAR in 
the head at (a) 900 Ml-l z and (b) 1900 MH z. 
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The graphs (F igure 4.3-5 and Figure 4.3-6) also include th e same simulation with a 
ring worn on the index finger (scenario c). As for the results in Figure 4.3-3 , adding a 
ring to the hand and head-earring model notably decreased the averaged I g SAR in 
the head at 900 MHz when compared to the case of just the head and earrings ; but the 
effect at 1900 MHz is ins ign ificant. The increase and decrease in the peak and the 
averaged I g SA R in the head is may be due to energy absorption by the head and the 
hand, the refl ection at the dielectri c boundaries and also due to the complex ity of the 
interact ion between multiple metall ic items and the electromagnetic energy. 
Nevertheless, an increase and decrease in the peak and the averaged I g SAR inside 
the head have been demonstrated; however the change in the averaged 109 SA R 
owing to the presence of the rings wo rn on the hand at both frequencies is very 
marginal. 
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Figure 4.3-6: The effect of the hand and the jewell ery on the peak SAR in the head at 
900 MHz and 1900 MHz. 
Figure 4.3-7 represents the effects that the earring might have on the peak SA R 
di stribution inside the spherical head for 900 MH z and 1900 MHz. The SAR 
di stributions shown are taken from the yz-p lane, while the sma ll circle with a broken 
line represents the pl ot (xz-plane) where add ing earrings increased the SA R (i nset). It 
ean be seen from Figure 4.3-6 that all the s izes of earrings investi gated give a similar 
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effect in the peak SAR. Therefore onl y the e ffect of the eatTing wi th a diameter of 
90 mm is shown in Figure 4.3-7. A comparison between Figure 4.3-7 (a) and (b) (a lso 
Figure 4.3-7 (c) and (d)) clearly showed that when a metal lic objects like an earring 
li es close to the rad iating source, it affects the rad iated fi eld and the SAR distribution. 
Due to RF fi eld scattering, the metalli c objects may redistribute the incident fi eld 
around them. This leads to hi gher absorption near the ealTing compared to the same 
tissue vo lume with no earring. From Figure 4.3 -7, the SAR was enhanced in the area 
where the earring touches the head at both sim ulated frequencies. The effect of 
earri ngs is more pronounced at 900 MH z than at 1900 MHz. However, no noticeable 
enhancement was seen deeper in the head due to the earrings, especiall y at 1900 Ml-l z. 
Head only 
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Head only 
(c) 
-1. le+002 -83 
900 MHz 
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at the edge 
where the ring 
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al the edge 
where the ring 
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Figure 4.3-7: The peak SA R dist ri but ion inside Ihe sphe rica l head fo r 900 MHz (a and b) and 
1900 MHz (c and d). An earring is added to Ihe mode l in (b) and (d). 
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4.3.3 The effect of the head, the hand and metallic jewellery on the 
antenna radiation pattern and efficiencies 
4.3.3. 1 Effect of the head alll/the halld 
In this section, the effect of the head, the hand, the earrings and rings on the antenna 
radiation pattern (gain pattern) for 900 MHz and 1900 MHz were examined. The 
antenna rad iatio n pattern in free-space was calculated wi th the handset-antellna 
oriented at a natural speaking angle (sec Figu re 4. 1- 1). Figure 4.3-8 shows radiation 
pattel1ls (ca lcul ated in the yz-plane) for a A.14 monopole antenna in iso lation, nea r the 
spheri ca l head and with the add ition of a block-hand model at 900 MH z (left) and 
1900 MHz (right) _ The radiation pattel1ls for the xy-planc arc shown in the Append ix 
B for a comparison. 
Figure 4.3-8 shows that the monopo le in free-space has an omni-directional radiation 
pattern . However an asymmetric monopo le radiation pattern was observed at 
1900 M Hz due to the increased electrica l length of the meta l box relati ve to the 
monopo le. In the presence of the head , the monopole' s radiation pattern is 
signifi cantly influenced in the direction of the head (y-di rection) due to energy 
absorption inside the head. The inclus ion of the block hand causes a sign ificant 
difference in y-direction, and the difference is higher at 1900 MHz than at 900 MH z. 
y 
dB 180 
o 
-4-- mobile 
-0- head 
--.0-- head+hend 
-15 
y 
dB 180 
o 
50 
Fi gure 4.3 -8: The antenna radiat ion pattern at 900 Ml-l z (Ien) and 1900 MHz (right) with and 
without the head and the hand (yz-plane). 
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4.3.3.2 Effect ofa metallic rillg 
Figure 4.3-9 shows the effect of the hand wearing a meta lli c ring on the radi ation 
pattern at' both 900 MHz (left) and 1900 MHz (right). The ring was simulated on 
di fferent fingers for comparison. It can be seen from the fi gure that all the th ree 
posi tions of ring investi gated give sim il ar effects on the radiation patte tll if compared 
to the case of just the head and hand . These results seem to suggest that meta ll ic rings 
worn on the hand will be less likely to perturb the antenna radi ation performance at 
the frequencies tested. The effect of the ring is insignifi cant due to thc circumference 
of rin gs being relatively sma ll compared to the wavelength and also the ori entat ion 
and the ring pos ition with respect to the antenn a. 
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Figure 4.3-9: The rad iation pat1elll at 900 M Hz (left) and 1900 M I-Iz (right) wi th the head and 
hand . A meta ll ic ring is worn on different fin gers for co mparison (yz-plane). 
4.3.3.3 Effect of metallic earrings 
Considering the effec t of metalli c earrings on the antenna radiation pattcrn , Fayos-
Fernandez et al. [1 3] found that there arc small differences between radiati on patterns 
due to metalli c piercing in th e ear. They also concluded that the presence of metalli c 
objects espec iall y that arc pierced could emphasize the reducti on on the antenna 
performance due to the presence of the user' s body. However, Fayos-Fernandez et al. 
[ 13] used diffe rent shapcs and sizes of meta ll ic earri ngs and the effect of the use r's 
hand was not considercd in the paper. In the current chapte r, the e ffects of diffcrent 
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sizes of meta lli c· loop like earrings at two different frequencies were exa mi ned . T he 
latter models in thi s simu lat ion included a block-hand model to represent an ordinary 
way of operating a mobi le handset. In a ll cases, the edge of the earring is attached on 
the right hand side o f the spherica l hcad (sce Figure 4 .3-4 (a)). 
Figure 4.3- 1 0 (a) shows results of vari ous diffcrent s izes of earrings over two diffe rent 
frequenc ies in vestigated . Sma ller earrings with a diameter of 25 , 30 and 40 mm show 
vcry simi lar and insignifi cant effects on the antcnna rad iation pattern at both 
frequencies, so that only the effect of the earring with a diam eter of 30 mm 
(represent ing smaller earrings) shown in Figure 4 .3 -10. Meanwhi le, larger earrings in 
thi s co nfi gurati on (diameter~ 50 mm) could alter the radiation pattern by I dB (in -z 
direction) at 900 MHz when compared to the case of just the head and hand (Figurc 
4 .3- 10 (b)). However no important effect of the earrin g was observed at 1900 MH z 
(F igure 4 .3 -10 (b)). Figure 4 .3- 11 includes the same earring with a ring wom on the 
hand , but ne ither th e earring nor th e rin g has a s ignifi cant effect in the rad iati on 
pattem at 900 MHz and 1900 MH z if the hand is present. Thi s means that it is 
important that the hand is inc luded wh il e investigat ing the antenna rad iation 
performance. 
Figure 4.3- 12 shows the radiation effi ciencies of the system when the metallic rings or 
ea rrings were added to the spherica l head and hand model. Placcmcnt of the mobi lc 
handset close to the spherica l head results in an effi c iency drop by 5% compared to no 
head . The hand when included into the system produccd furt her degradati on of the 
radiation e ffi ciencies at both 900 MHz and 1900 MH z. The presence o f a meta ll ic 
ring or earring show o nly margina l di fference to the radiation effic iency of th e 
system. Onl y loca lized SA R secms to be a ffccted by the rings or the earrings whilst 
no important effect was observed on the rad iation pattcrn and thc e ffi c icncy. This 
suggests no large overall effect by the metalli c ri ngs and earrin gs wom on the huma n 
head and hand . 
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Figure 4.3- 10: Radi ation patterns for a monopole antenna at 900 M Hz (left) and 1900 M Hz 
(ri ght) when placed cl ose to the spheri ca l head. Metallic earrings attached on the ri ght hand 
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Fi gure 4.3 -1 I: Radiation patterns for a monopole antenna at 900 M Hz (left ) and 1900 M Hz 
(ri ght) when placed close to the sph erical head . In this simu lati on, the e ffect of the 
combination of the earring and ring were investiga ted (yz-pJ cme). 
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4.4 Conclusions 
In conclusion, thi s study has success full y shown some possible effects brought abou t 
by meta ll ic jewell ery WO tl1 on human head and hand on SA R wi thin the head. A 
sim ple spherica l homogeneo us head and block-hand model have been employed, 
whi ch arc adequate to estimate th e mode lled antenna perfolll, ances and to 
approx imate the effect of the head [ 12] . However, these effects vary depending on the 
size, ori entation, frequency of opcration and the presence or absence o f th e hand. 
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The sma ll rings worn on the hand appear to have addit iona l effects on the averaged 
I g SA R inside the head and on the antenna radiation pattern. The rings deereased the 
averaged I g SAR in the head by around 7% but the rings do not seem significant to 
the averaged I g SAR in the head at 1900 M Hz. In addition, the rings in thi s 
configuration marginally change the antenna radiation performance but the effect 
appea rs to be insigni fi cant. It seems li kely that th is is because the size of the ring is 
relatively small compared to the wavelength and its relative orientation and location 
to the radi ation source makes coupling unfavorable in the situat ions investigated. 
Genera ll y, the ea rrings in this confi gurat ion increased the averaged I g SAR in the 
head by 6% at 900 MHz and decrea cd it by 6% at 1900 MHz. However, the ea rrings 
are unlikel y to be significant to the SAR va lue inside the head when the hand is 
added to the model. The ha nd can significant ly alter the averaged I g SAR inside the 
head at both frequencies tested. Therefore it is important to include the hand while 
investigating the effeet of meta ll ic jewell ery on SAR and the antenna performance. In 
addition, larger ea lTings of diameter 2: 50 mm in th is con fi guration could increase th e 
antenna directiviry by I dB at 900 MHz, but no important effect of the earring was 
observed at 1900 MHz espec iall y when the hand is present. 
In addit ion, the radiation effi ciency of thc systcm decrcased when the head and the 
hand were included at both 900 MHz and 1900 MH z. However. the presence of a 
meta llic ring or eaJTi ng shows insignificant difference to the radiation efficiency of 
the system. Coupling the handset antenna to the metall ic rings or ea rrings on ly 
showed loca li zed effect on SAR, no important effec t was observed on the radiati on 
pattern and the effi cicney suggests no large overa ll effect by the meta lli c rings and 
ealTings worn on the human head and hand. 
Neverthe less, the results in th is chapter employed onl y a simple shape of the human 
head and hand. The more rea listic head (SAM) and hand model will be employed in 
Chapter 5. The SAM head includes the cars, whi ch all ows the ea rrings to pierce the 
earl obc, representing a more rea li stic worn posi tion. Although the head shape does not 
significant ly alter the absorption, it appears to be important since it defin es the 
practica l antenna di stance with respect to the head surface [28]: thus it might also 
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affect the head-jewellery di stance and the SAR values inside the head. Moreover, a 
simple block-hand in this chapter includes very simple cylindrical fingers, which is 
on ly wrappcd around the three sides of the handset body. However, in rea lit y, the 
finger of mobi le users frequently stra y near the back side of the antenna and it is 
potcntially of great inte rest to in vestigate what effcet this wou ld have on th e results 
both with and without the ring. 
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5.0 Introduction 
In this chapter, the same methods as employed in Chapter 4 are app lied to a more 
reali stic human head and hand geometry. A homogenous SAM head and a rea li st ic 
hand model that includes fingers arc developed. Besides in vestigating the effect of the 
presence of the hand, the inclusion of rea list ic fingers enables more subtle effects of 
the metalli c ring to be studied. In add ition, the effect of a meta lli c earring placed 
beside the car is also studied. Simulation resul ts presented in thi s chapter include the 
effect of the hand and both fingers and earrings on SAR inside the head. Antenna 
radiation patterns at two different frequenc ies (900 MHz and 1900 MHz) are also 
studied in this contex t. In an attempt to improve the rea lism of the situation a PIFA 
antenna is included in the study and compared to the monopole. 
5.1 Antenna, SAM head and realistic hand models 
5. 1.1 Antenna mod els (Monopole and PIFA antenna) 
The simulations were carried out using Mierostripes (TLM ) at 900 and 1900 MH z. 
The first simu lations in thi s chapter employ a 1J4 monopole antenna on top of a metal 
box, wh ich has the same dimension as the handset-antenna model employed in 
Chapter 4 (Figure 5.1-2 (a)). For compari son, the latter simu lations use a dua l-band 
PI FA antenna as the radiati ng source. PIFA antennas are a popular choice for interna l 
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mobile handset antennas due to their low-cost, low-profile and because the free-space 
radiation pattem shows a lower gain in the direction of the head [1 ,2]. A typica l ga in 
for both a 1J4 monopole and a PIFA antennas arc 2-6 dB and 0-3 dBi respect ively. 
The PIFA is generally eonsidered to be a narrow band dev ice and the ga in is similar to 
a 1J4 monopole antenna. Prev ious studies [3 , 4] have shown that the PIFA antenna 
could significantl y reduce the SAR in the head compared to the "-/4 monopole 
ante nn a, however the effect of the hand that hold the handset becomes important due 
to the hand prox imi ty to the anten na positi on [3, 5]. Therefore, the inclusion of a 
metallie ring on the hand is expected to cause addit ional effects on the PIFA radiation 
performance and on SAR inside the head. In both cases (monopole and PIFA 
antenna), the distance between the feed point of the antenna and the SAM head 
phantom surface is fi xed at 8.3 mm. The dimensions of the PIFA 's radiating elements 
(based on the model in [6]) were changed to ach ieve resonance at around 908.45 MHz 
and 1915 MH z respective ly (the actua l resonant frequencies of the "-/4 monopole 
antenna) (sec SII plot in Figure 5.1- 1). The PIFA antenna dimensions employed in 
thi s study are shown in Figure 5. 1-2 (b). In addition, the hand model is placed at the 
same position (di stance and ori entation) relative to the head in both antennas cases. 
o 
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Figure 5. 1-1 : Simulated return loss performance of the monopo le and the PI FA antenna 
employed in this chapter. 
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Figure 5. 1-2: <a) A monopole antenna on top of meta llic box and (b) a PIFA ante nna 
employed for lhe simulations in lhis chapter. 
5.1.2 A realistic human hand model 
In use a handset will typicall y be orientated at a parti cular angle with respect to the 
head. The hand will also usually ap pl y an undefin ed force to the handset which will 
compress the huma n pin na (outer ear) [5). Different positioning of the handset will 
undoubtedly cause different effects on the rad iation performance and on SAR. The 
rea li stic hand employed in the current thes is was obtained from a commercial CAD 
model [7], whi ch had a grip sui tab le for inco rporati ng the handset uni t. In order to 
place the handset, th e CA D data was manipu lated by making compari son with 
pub li shed sources [8 , 9] and by studying the results of an online poll conducted by th e 
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author of this thesis. However, the result obta ined from the survey is not defini tive 
since there are different operationa l conditions betwecn users. Moreover, to min imi ze 
the number of simulation runs, onl y the ri ght hand holding the hand se! and the ri ght 
hand-s ide of the head situati on wi 11 be considered for in vestigations. In addition, the 
handset body fo r thi s in vestigation needs to be ori entated at a particul ar angle (as 
mentioned in the ea rl ier chapter) due to the di ffi culty of modelling the hand . The hand 
ori entation showed in Figure 5. 1-3 (b) is the best pos ition of the hand can be modell ed 
to avo id unintended 'grooves' resulted by translating and rotating the hand, whi lst 
further rotation on the rea li sti c hand model may further di stort the joints between the 
fingers and thc palm. Hence, complex CA D data often has unjoined urfaces which 
can onl y be partiall y repaired in numerical electromagneti c interfaces. Meanwhil e, the 
meshing process is very sensiti ve to thi s problem, which can onl y be repaired by a 
spec iali zed fi xing software too l. However, these problems have been overcome by 
minimizing the amount of CA D manipulation and by carefull y checking the mesh 
fi les fo r holes. The material propert ies of the hand model arc as in Table 4.1- 1. 
Z 
(a) t L-J.y (b) 
Figure 5. 1-3: (a) A rea listic hand model holds a mobile handset and Cb) un intended 'grooves ' 
resulted by further translating and rotating the hand model. 
5.1.3 Th e SAM head model 
Although complex anato mica l phantoms have mostly been employed in simulating 
the human head, the standard experimenta l procedu res still reli cs on the homogencous 
phantom [ 10, 11]. In th is thes is, the standard homogeneous SA M head CA D model 
has been employed in the simulation stud y (F igure 5. 1-4) . The mass density of bra in 
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and musele tissues is assum ed to be 1000 kg/m) as g iven in IEEE Standard 1528 [ 12]. 
The frequency dependent paramcte rs (En cr) used in the SAM head and th e ha nd are 
the same as those for the standard ti ssue equi va lent li qui ds emp loyed in Chapter 4 (as 
in Tab le 4. I - I). The head and the hand model reso lu tion was set to the max imum cell 
s ize of Am;,,1J 0, wherc Am;" is the wavelength with in the die lectri c material that hav ing 
the hi ghest permitti vity (dielectri c constant) . The SA R resul ts presented in thi s section 
are normali zed to 0.25 W at 900 M Hz and O. I 25 W at 1900 M Hz. 
Z 
! L x 
Figure 5.1-4: The SAM head model empl oyed in the simulat ions. 
5.2 The effect of a metallic ring worn on the hand on SAR 
in the hand (no head) 
5.2.1 The effect of the hand with the ring and bangle present on SAR 
In Chapter 4, a simple b lock-hand was emp loyed whi ch incorporated very s imp le 
cylindri ca l fi nge rs wrapped around three sides of the handset body. However, in 
practi ce the fi ngers o f mob ile users frequently stray near to the back side of the 
antenna and it is of great interest to investigate what effect thi s would have on the 
resu lts. In thc eurrcnt chaptcr, th c hand is p laccd at a fi xed positi on relati ve to the 
antenna and the SA R ins ide the hand is investigated consideri ng thc prcse nee and the 
absencc of metall ic ring and ba ngle (worn on the fin ger and wrist rcspect ively) (sce 
Figure 5.2- I). Thc dashed lines reprcsent th c cut away plane for thc SA R di str ibut ions 
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inside the hand that will be demonstrated later. The results for a monopole antenna 
will be compared with a PIFA antenna at both 900 MHz and 1900 MHz. 
nng III 
nng I ring r 
bangle 
y 
k-X z x 
Figure 5.2- 1: A rea listi c hand model holds the handset unit (monopole or PIFA antenna) with 
metallic ring worn on different fingers for comparison. The dashed lines are the cuta way 
planes for the peak SA R distribut ions in Figure 5.2-4 and Figure 5.2-5 later. 
Dimensions in mm 
(a) (b) 
Figure 5.2-2: The metallic (a) ring and Cb) bangle dimensions employed in thi s chapter. 
As has already been suggested, the SA R could va ry depending on the type of antenna 
employed within the handset [1 3). Rahmat-Samii and Jcnsen [1 3], Francavilla et al. 
[14] , Kuo and Chuang [15] have considcred the SAR in the hand bes ides the SAR in 
the head and the highest SAR was found inside the hand because it holds the handset 
whil st operating [16] . The results presented in the current chapter will prov ide a fuller 
understand ing of how much energy is absorbed inside the hand that holds the handset 
when the head is absent. This situat ion might be found if a person was using the 
handset as a spcakerphone for example. The inclusion of a meta lli c ring and bangle on 
the hand into the simulati on model (mobi le-head) will further estimates any changes 
in thc amount of energy absorbed in the hand, which could also affec t the SA R va lues 
inside the head. The mcta lli c ring is given thc matcria l properti es of copper. The ring 
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is worn on the index (i), middle (m), ring (r) fingcr and the latter 1V0rn on the three 
fingers at the same time (imr) for compari son (F igure 5.2-1 ). 
Figure 5.2-3 shows results of how different ring positions on the hand (with or 
wi thout a bangle) affect the SAR in th e hand at 900 MH z and 1900 MHz. The 
geomet ri ca l representation of th e ring and bangle are as Figure 5.2-2. Ring i and ring 
m use th e same dimension shown in Figure 5.2-2 (a) whilst the ring r is smaller with 
the inner and outer radius of 9.8 and 11.8 mm respecti vely, due to the ring fingcr 
being smaller than the index and middle finger. 
Figure 5.2-3 shows that thc averaged I g SA R inside the hand at 900 and 1900 MHz 
is notably altered by the ring, but the effect is varies depending on the type of antenna 
in use and on which finger the rin g been placed. Thcre were both pos iti ve and 
negati ve differences in SAR observed at both frequenci es investigated in thi s case 
whcn a monopole antenna is employed as the radiating source. However, the change 
in SA R in the hand is more pronounced when a PIFA antenna is used as the radiating 
source. With a PIFA antenna (right hand side of Figure 5.2-3), the ring wo rn on the 
fi ngers (with or without the bangle) increased the averaged I g SA R in most of the 
cases investigated. This is expected s ince the PIFA antenna is mounted facing the 
fingers, thus the small metallic rings worn on the fingers are in very close proximity 
to the antenna and are liab le to influence the SA R sign ificant ly. The strongest effect is 
found with the ring worn on middle finger, which increases the SAR by more than 
27% at 900 MHz and 13% at 1900 MHz respectively. It is therefore important to 
include th e ring on the hand in the mode l as it may alter the SAR in the hand itsc lf 
and could also affect the SAR in the head. 
In addition, besides the small ring worn on the fingers, Figure 5.2-3 also includes the 
effect of a bangle worn on the wrist. However, the presence of the bangle does not 
show any significant effects on this configuration due to the fact that the bangle is 
positioned a significant di stance away from the unit 's antenna. The effect of the rings 
on thc avcraged 10 g SA R va lucs at 900 MH z and 1900 MHz for both antcnnas was 
found to be insignifi cant and there fore the results arc not presented in the current 
sec tion. 
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Figure 5.2-3: The averaged I g SAR in the hand with the ring and bangle worn on the hand at 
(a) 900 MHz and (b) 1900 MHz when the head is absent. A }J4 monopole (left ) and a PIFA 
(right) antenna were used as the radiating source. 
5.2 .2 Peak SA R distributions in th e hand with and without the rin gs 
present 
Figure 5.2-4 and Figure 5.2-5 demonstrate the effect of the ring on the peak SAR 
di stribution inside the hand at 900 M Hz and 1900 M Hz for both the monopole and the 
PIFA antennas. The SAR distributions shown arc on the same xy-plane but the plots 
arc in different cut-leve l depending on which finger thc ring is wo m on (scc thc 
dashed li nes on the hand in Figure 5.2- I). ote that the cut plane for the no rin g case 
is the same as the ri ng i case. As in Chapter 4, the peak SAR distri butions prcscnted in 
thi s chapter arc a lso shown in logarithm ic scale (dB) to give a clearer picture of th e 
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SAR distribution owmg to the presence of meta ll ic jewellery on each case 
in vestigated. The value for each fi gu re i norma li zed to the peak voxel va lue for the 
particu lar eut plane. A meta ll ic ring has a potentia l to redistribute the incident R F 
energy around the ring, leading to SAR concentrati on at some points and 
corresponding SAR reducti on in the other points. 
900 MHz 
(a) 
(b) 
(c) 
(d) 
- 90 -68 
Peak SA R is higher 
al the tip of the 
thumb ringer 
SAR is enhanced 
at the edge oflhc 
ring and on the 
ringer next to it 
1900 MHz 
-45 
_ ....;- ... Z"'3 ___ ..;t° SAR t dB) 
Figure 5.2-4: The SAR distribution inside the hand for a monopole antenna on the xy-plane 
(see Figure 5.2- 1) at 900 MHz (left) and 1900 Ml-lz (right ). The ring is worn on different 
fin ger for compari sons (a) no ring, (b) index fin ger. (c) middle finger and (d) on index, middle 
and ring finger. 
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Figure 5.2-5: The SA R distribution inside the hand fo r a PIF A an tenna on the xy-plane (see 
Figure 5.2-1 ) at 900 MHz (left) and 1900 MHz (right). The ring is mode lled on different 
fi ngers fo r compari son (a) no ring, (b) index finger, (c) middle fin ger and (d) on index , middle 
an d ring fin ger 
Figure 5.2-5 shows that the PIFA illuminates the fingers much more uniform ly than 
the monopole (Figure 5.2-4). Since the dB scale is re lative there is no reference level 
to compare. In both cases (monopole and PI FA antenna), the maxi mum SAR 
generall y appea rs on the closest fi ngers to the antenna and the handset body when no 
ri ng is wo rn . For the monopole antenna, the hi ghest SA R di stribution appea rs at the 
edge of the fingers where they touch the handset body especiall y on the tip of the 
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thumb finger, whereas for the PIFA antenna, the SA R di stribution is uniform ly spread 
over the fi ve fingers. When the ring is added into the simulations, the SAR values are 
enhanced and occur at the edge of the ring on the linger wearing the ring and also on a 
small pa!1 on the adjacent fingers. As the ring could modi fy the SA R d istribution in 
the hand, it could also affect the SAR di stributions in the head. 
5.3 The SAM head, the hand and metallic jewellery affect 
on SAR (in the head) and on the antenna performance 
5.3.1 Th e hand and metallic ring worn on the hand affect on SA R 
values within the head 
The results in [8, 14, 17-2 1] have shown that the presence of the human hand causes 
noticeable changes in the antenna performance and to the SAR va lues within the head. 
Therefo re, it is of great interest to eva luate how the hand presence could affect the 
SAR inside the head [ 14] . In this section, the monopole antenna or the PIFA anten na 
is placed in the 'cheek' pos ition as is ordinaril y used amongst the majority of users 
[22] (see Figure 5.3- 1). To investigate the effect of the hand on SA R values inside the 
head, a rea listi c hand model is included in the simu lation model. It is assumed that the 
hand holds the handset very close to the ri ght hand side of the head surface (see 
Figure 5.3-2 (a)), and the handset-antenna is placed above the ERP (F igure 5.3- 1). In 
the latter simulat ions, the rings are inc luded (Figure 5.3-2 (b)) to investi gate the 
effects of wearing a ring and bangle on SA R va lues inside th e head. The ring is placed 
on different fin gers (i, m, r) for comparison as in the previous simulations. The ring 
and bangle dimensions arc the same as in Figure 5.2-2. As di scussed in Section 5. 1.3 , 
th e frequency dependent parameters (E" cr) used in the spherica l head and the block-
hand are the same as those for the standard ti ssue equi va lent liquids. The same 
considerati ons were made when se lecting the mesh dimensions as in the previous 
case. 
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Fi gure 5.3 -1 : The SAM head mode l with a mobil e handset placed in the ' cheek ' pos iti on 
beside the ri ght hand side of the head. A (a) monopole antenna, (b) PIFA antenna is used as 
the radiating source, and (c) the ERP on the SAM head [ 12]. 
ring m ring 1 ring ' 
z 
• 
(a) L x (b) bangle 
Figure 5.3 -2: The SAM head model with a mobile handset pl aced in the 'cheek' pos iti on 
beside the right hand si de of the head (a) wit h the hand and (b) wi th the ring worn on different 
fi ngers (wi th or without bangle). 
The effects of the hand wea ring a meta lli c rin g to the averaged I g SAR and the peak 
SAR va lues within the SAM hcad are illustrated in Figure 5.3-3 and Figure 5.3-4 . The 
straight line shows SAR in the head without thc hand and the ring, the dashed line is 
for thc SAR in the presence of the hand, wh ilst the co lumns represent the SA R w ith 
both the hand and the ring. Figure 5.3-3 shows the averaged I g SAR in the head with 
a monopole antenna as the radiating source. The hand model notabl y decreases the 
avcraged I g SA R in the head at 900 MHz and increases it at 1900 MH z. For the same 
s imulation but adding a ring to the hand , thc averaged I g SAR in the head is 
dcc reascd by approximatcly 7% at both frequcncies (compared to the case o f just th c 
head and hand). These results (in thi s confi gurati on) seem to suggest that th e metallic 
ring worn on the hand reduces the amount of energy absorbed in the head at 900 M Hz 
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and 1900 MHz. In all cases, the bangle has onl y marginal effects on the resuits due to 
the fact that the position of the bangle is far from the unit ' s antenna and the mobi le-
head model. The peak SAR values inside the head in Figure 5.3-3 (b) shows the same 
trend as the averaged I g SAR va lues in the head. 
9 ~--------------.---------------. 
900 MHz 
8 
~ 7 e. 
~ 6 
~ 5 
" 4 « 
rJl 3 
en 
2 
(a) 0 -1------' 
m r i 111 r 
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1 2 0 ~----------------~----------------~ 
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nng 
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rin g+ba nglc 
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'-------1 1 -- -"'-- - head+hand I 
In r i III r 
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Figure 5.3-3: (a) The averaged I g SAR and (b) the pea k SAR inside the head for a monopole 
antenna at 900 MH z (left) and 1900 MHz (right). A meta llic ring is worn on di fferent fin gers 
(with and without ba ngle) for comparison. 
Figure 5.3-4 shows the SA R resuits with a PIFA antenna as the radiat ing source. The 
averaged I g SA R in the head (with the hand) has similar characteri sti c to the results 
of the 111000pole antenna at 900 MH z, but only marginall y changes at 1900 MHz. The 
inclusion of a meta l ring on the finger decreases the averaged I g SA R in the head by 
8% at 900 MH z. However, the rin g in thi s configuration signifi cantl y increases the 
averaged I g SA R in the head at 1900 M Hz when compa red to the head-hand onl y 
model. 
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Figure 5_3 -4: (a) The averaged I g SAR and (b) the peak SAR in the head for a PIFA antenna 
at 900 MHz (left) and 1900 MI-Iz (right) . A metalli c ring is worn on diffe rent fin gers (with 
and without bangle) fo r comparison_ 
Figure 5.3-3 and Figure 5.3-4 show there is a notable difference in SAR in the head 
caused by the hand and the inclusion of metalli c ring on the hand, therefore both the 
hand and the rin g should be included in the model while in vestigating the SAR. The 
ring worn on the hand in thi s configuration could help to reduce the SAR in the head 
at 900 M H2. However, the effect clearl y va ri es depending on the frequency and the 
type of an tenna in used_ The rings worn on the hand may also increase the averaged 
I g SA R in the head, particularl y at highcr frequency (in thi s case at 1900 MHz) when 
an internal antenna i.e. a PIFA antenna is used as the radi ating source. In addition, the 
inclusion of larger ring, such as bangle on the wri st can cause addit ional effects on the 
results but the effect is less important due to its remote position_ 
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5.3.2 The effect of metallic loop-like earrings on SAR 
As in Chapter 4, three scenarios arc considered in order to in vestigate the effect of 
wearing metallic earrings on the SAR values inside the head. The scenarios arc (a) 
meta lli c loop earring worn on the head, (b) metallic earring worn on the head in the 
presence of a hand (holding the mob il e handset), and (c) metallic earring worn on the 
head with both the hand and the metallic ring worn on the middle finger (with and 
without the bangle). 
To begin, metallic earrings with the material modelled as copper with a diameter (d) 
of25, 30, 40, 50, 80 and 90 mm were included in the simulation model (mobile-head). 
In contrast to the previous chapter, the earring passes through the ear. This is made 
possible by the more accurate morphologica l model of the human (Figure 5.3-5 (a». 
A realistic hand model was al so included (Figure 5.3-5 (b» to in vesti gate the effects 
of the hand and an earring on the SAR va lues inside the head. Finall y, the hand model 
with a meta l ring worn on the middle finger (m) (with and without bangle) was 
included into the simulation models (Figure 5.3-5 (c» , in order to as ess the effect 
brought about by the hand and the three metalli c jewellery items on SAR. As in 
previous cases, the SAR resu lts presented in th is section arc norma li zed to 0.25 W at 
900 MHz and 0.125 Wat 1900 MHz. 
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Figure 5.3-5: Three scenarios considered in eva luating the effect on the hand and metallic 
jewellery items on SAR in the head. The edge of the metallic earring is pierced into the 
earl obe, (a) without the hand, (b) with the hand holds the mobi le handset and (c) with both the 
hand and the ring (with or without a bangle). 
5.3.2.1 Results of metallic earril/gs lVitll mOl/opole antel/I/a ex citatiol/ 
In this section three scenanos as shown in Figure 5.3-5 are investigated with a 
monopole antenna as the radiating source. The two different parameters investigated 
were the averaged I g SAR and the peak SAR in the head at 900 and 1900 MH z. 
Figure 5.3-6 shows results of various different sizes of earrings with or without the 
hand effects on SAR in the head. Only two sizes of ealTings were used for the 
combination case, i.e. a diameter of 50 and 80 mm at 900 MHz, and the earring with a 
diameter of 40 and 50 mm at 1900 MHz. These earrings sizes were chosen since these 
were the most affected sizes in this configuration. 
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Figure 5.3-6: The (a) averaged I g and (b) peak SAR in the head for a monopole antenna at 
900 M Hz (left ) and 1900 MHz (right). The earrings penetrate the earl obe in the model. 
Figure 5.3-6 (a) shows the effect of the earrings on the averaged I g SAR in th e head 
at 900 and 1900 MHz. The results seem to suggest that the earrings pierci ng the 
ea rlobe (in thi s configuration) seem to significantly decrease the averaged I g SAR in 
the head at both frequencies regardless of the earrings diameter. The hand when add ed 
into the model alters the averaged I g SA R due to increased di electric loading, 
absorption and also due to the reflection at the hand-d ielectric boundary. Genera ll y, 
the combinat ion of the hand , an earring and a ring (worn on the middle finger) funher 
decreased the averaged I g SAR values (when compared to head-hand-earring cases) 
at both frequencies tested. 
5- 17 
Chapter 5 Reali stic Homogeneous Head and Hand Models, with and 
without Metallic Loop-like Jewellery items 
Figure 5.3-6 (b) shows the peak SA R in the head at 1900 MHz is generall y increased 
by the metallic earring (with or without a ring), although the averaged I g SAR in the 
head is decreased. This difference can be ex plained by the fact that the peak SAR in 
the head is enhanced near to the edge of the earring. The surface currents fl owing on 
the metall ic ea rring appear to be carri ed on into the di elcctri c of the ea r, causing large 
increase in the loca l SAR va lues (see Figure 5.3-7 for the visuali zati on of the SA R). 
However, since this is a highl y locali sed effect , the mass averaged SAR va lues do not 
show thi s effect (there is no imponant increase deeper in the head). Figure 5.3-7 
shows the effect of the earri ng on the SAR distribution in xz-plane for the earring 
with a diameter of 80 mm and 50 mm at 900 and 1900 M Hz respectively. 
900 MHz 
(a) 
(b) 
(c) 
-le+002 -75 
SAR is enhanced 
at the edge of the 
ri ng that pierced 
into the ear 
1900 MHz 
-50 
_ __ -Z""5'--__ -'°SAR (OS) 
Figure 5.3-7: The pea k SA R di stribut ion inside the head fo r a monopole antenna at 900 MI-Iz 
(left) and 1900 MHz (right); (a) head onl y, (b) an earring is worn and (c) head worn earring 
with the hand present. 
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5.3.2.2 Reslllts of m etallic earrillgs lVith PI FA alltelllla excit(tfiOIl 
Figure 5.3-8 shows the effect of metallic earrings on SAR for three scenarios as in 
Figure 5.3-5, but with a PIF A antenna (sce Figure 5.1-1 (b» as the radiating source. 
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Figure 5.3-8: The (a) averaged I g and (b) the peak SAR in the head for a PIFA antenna at 
900 M Hz (left) and 1900 MHz (ri ght). The earrings penetrate the earlobe in the mode l. 
Figure 5.3-8 shows that the earrings marginally decrease the averaged I g SAR in the 
head at 900 M Hz, but increase it by 15% at 1900 M Hz. The inclusion or the hand 
signifi cantl y decreases the averaged 1 g SAR in the head at 900 MHz when compared 
10 head-ea rring case. However, the hand when added into the head-earring model 
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further increased the averaged I g A R at 1900 M Hz compared with no hand. The 
graph also shows that the combinati on of the hand and both the earring and thc ring 
genera ll y show minor effect on the SA R va lues (compared to the head-hand-earring 
cases) at both frequencies. The earrings effect is less significant when the hand is 
included in the simulat ion mode l. The hand can alter the SAR more substantially with 
the PI FA antenna (when compared to monopole antenna) due to di electric loading, 
energy abso rption and reflecti on at the hand dielectri c boundary, since the hand 
situatcd very close to the large area of the PIFA antenna. However, the carrings can 
signifi cantl y increase the peak SAR in the head nea r to the edge of the earring at the 
point where it penetrates the earlobe (sce Figure 5.3-9). 
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Figure 5.3-9: The SA R distribut ion inside the head for a PIFA antenna at 900 MHz (left) and 
1900 MH z (righ t); Ca) head on ly, Cb) an earring is worn and Cc) head worn earring with the 
ha nd present. 
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Figure 5.3-6 to Figure 5.3-9 show that the earrings examined of these configurati ons 
(Figu rc 5.3-5) decrease and increase the avcraged I g SA R in the head, but the effect 
is strongly dependent on the frequency, the type of antenna in use and any additional 
object in close prox imity to the earring. Wearing an earring by itse lf rega rd less of the 
diameter seems to decrease the averaged I g SA R in the head at 900 MHz for both 
antennas in vestigated. However, the results suggest that eare should be taken, as the 
averaged I g SAR in the head is increased by approx imately 15% when the earring is 
worn at 1900 MH z with the PIFA antenna as the radiat ing source. The combination of 
the hand with an earring and the ring decreased the averaged I g SA R in the head at 
900 MHz by approximately 14% with the monopole antenna and 28% with the PIFA 
antenna respectively (compared to just the head). However, th is combination can also 
increase the averaged I g SAR in the head by approximately 28%, part icularl y at 
1900 MH z when a PIFA antenna is used a the radi ati ng source. 
5.3.3 The effect of th e human head and hand-worn metallic jewellery 
on antenna radiation pattern and efficiencies 
5.3.3. 1 Radialioll pat/em s fo r A/4 I/lollopole alllellllu 
As in Chapter 4, the antenna radiati on pattern (ga in pattern) in free-space was 
calculated wi th the handset-antenna ori entcd at a natural speak ing angle (sce Figure 
5.3- 1). Figure 5.3- 10 to Figurc 5.3- 12 show radiation patterns (ca lculatcd in the yz-
planc) for a 1J4 monopole antenna in iso lation, near the SA M head and with the 
add ition of a reali stic hand model at 900 MHz (left) and 1900 MHz (right). The 
radiati on patterns for the xy,planc arc shown in the Appcndix C. I for a comparison. 
Figurc 5.3-10 shows the effect of the hcad and the hand on thc radiation pa tterns at 
900 and 1900 MH z. The antenna radi ati on pattern at both frcquencies has a ' dipole-
li ke' pattcrn in free-space. In the presence of the head, the monopole's radi ation 
pattern is signifi cantl y in fl uenccd along thc directi on of the head (y-directi on) due to 
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signi fi eant amount of energy absorbed by the head. The hand when added into the 
model fUl1her modified the radiation pattern since the hand that holds the handset 
body has absorbs and reflect s part of the rad iated energy. The shadow effect by the 
presence of the hand in the y-direetion is abo ut I dB at 900 MHz and 6 dB at 
1900 MH z respec tivel y. 
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Figure 5.3- 10: A 1110nopole antenna radiati on patterns at 900 MH z (left) and 1900 MHz 
(right) with and without the head and the hand (yz-p lane). 
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Figure 5.3 -11: A 1110nopole antenna radiation patterns at 900 MH z (le ft ) and 1900 MHz 
(right) with and wi thout the head and the hand worn a ring (with and without the bangle) (yz-
pl ane). 
Figure 5.3 -1 1 shows the 1110nopole's radiation pattern in the presence of the head-
hand model with a metalli c ring worn on th e fin ger and a bangle worn on the wrist at 
900 MHz (left) and 1900 MHz (right). The ring was simulated on different fingers for 
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compari son. As the plot with the ring worn on th e index fin ger is as similar as the ring 
worn on the midd le and the ring finger, only the effect o f the ring worn on middl e 
fin ger is shown in thi s section (F igure 5.3-11 ). It ca n be seen that the ring wom on th e 
finger (with bangle) has onl y very minor e ffect on th e antenna radiat ion pattern (at 
both frequ enc ies) if compared to the case of just th e head and hand . Thi s phenomenon 
is in good agreement with the results presented in Chapter 4, wh ich uses the spherical 
head and the block-hand mode l. There are onl y minor differences in the radiat ion 
pattem shape from the simplifi ed case due to the different geometries employed. 
Ne ither the ring nor th e bangle worn on the hand (in thi s confi gurati on) has a 
significant effect on the monopole ' s rad iat ion pattern . Thi s means that metalli c 
j ewell ery worn on the hand appea rs unlikely to affect the monopo le perfOlmance 
when compared to the case o f just the head and hand . 
Figure 5.3- 12 shows results of different s izes of metallic earrings on the monopole's 
radiation pattem at 900 MH z (left) and 1900 M Hz (right). A ll cases of sma ller 
earrings with a diameter of 25 , 30 and 40 mm show a very similar effect on the 
antenna radial ion pattern , so only the effect of Ihe earring with a diam eter of 30 mm is 
presented in Figure 5.3- 12. The effect of these small er earrings on the rad iat ion 
pattem at both frequencies is of li tt le significance; however the larger ea rrings of 
di ameter 50, 80 and 90 mm noticeably alter the rad iation pattem. Thi s is pat1icularly 
noticeable in the -z directi on. The inclusion o f the hand (Figure 5.3- 12 (b)) ca use a 
signifi cant difference on the radiation pattern , parti cularl y at 1900 MH z; however, 
wearing the large r earrin gs (w ith the hand present) seem to improve monopole' s 
radiation performance in the - z direction (where the ea rring was positioned relati ve to 
the antenna and the head mode l). 
The combination o f the earring wom on the ear with the ring and bangle worn on the 
hand was a lso eonsidered and the results are shown in Figure 5.3-12 (c). On ly the 
resu lts for th e earring with a di ameter o f 80 mm at 900 MH z an c1 50 mm at 1900 MH z 
are illustrated in Figure 5.3- 12 (e). The eo mbination of the earring with the ring and 
bangle has onl y a minor effect on th e radiation pattern at 900 MH z. However, a larger 
e ffect was found when a ll three meta lli c jewell ery items were added to the head-hand 
model at 1900 MHz, when compared to the case of just the earrin g. 
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Fi gure 5.3- 12 : Rad iati on patterns for a monopole an tenna at 900 MHz (left) and 1900 MI-I z 
(r ight) when place close to the SAl'''1 head (yz-plane). The earrings penetrate the earlobe in the 
model (a) without the hand, (b) with the hand and (c) with the hand wearing a ring and the 
ba ngle. 
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5.3.3.2 Radiatioll patterns for a PI FA alllelllla 
The same scenarios as the monopole antenna with and without the presence of the 
head , the hand and metallic jewel lery arc repeated in thi s section but a PIFA was used 
as the radiating source . The PIFA antenna radiation patterns are taken from the yz-
plane and the radiation patterns in free-space at 900 MHz (left) and 1900 MHz (right) 
are shown in Figure 5.3- I 3. The radiati on patterns for the xy-plane are shown in the 
Appendix C.2 for a comparison. Figure 5.3-13 shows that the PIFA radiation pattern 
in frec space is symmetrica l and close to omni-directional at both frequencies tested . 
However, the presence of the user' s head signifi cantly reduces the PIFA radiation 
pattern in the y-direction, which results in about 8 dB and 10 dB differences at 
900 MHz and 1900 MHz respectively. Moreover, the hand when included into the 
simulation fut1her modifies the antenna radiation patterns, but thc effect is varied 
depending on the frequency. 
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Figure 5.3-1 3: A PIFA radiation patterns at 900 MHz (left) and 1900 MH z (right) with and 
without the head and the hand (yz-plane). 
Figurc 5.3- 14 shows the PIFA radiation plots at 900 MHz (left) and 1900 MHz (right) 
when a metallic ring and a bangle wcre inc luded in the head-hand modcl. The 
radiation patterns with the ri ng (with and without the bangle) have vcry similar 
patterns as in thc case with just the head and hand. As in the monopole antenna cascs, 
on ly the effect of the ring worn on the middle finger is presented in Figure 5.3- I 4. 
There arc onl y minor effects brought by the inclusion of the ring on the hand , which 
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results in about 2 dB difference at e = -1 20° to _140° and at 8 = 15° to 30° at 
900 M Hz. However, the ring effect at 1900 M Hz is insignificant. 
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Figure 5.3-14: A PIFA radiation patterns at 900 MHz (left) and 1900 MHz (ri ght) with and 
without the head and the hand worn a ring (wi th and without the bangle) (yz-plane). 
Figure 5.3- 15 shows resu lts of different sizes of meta llic earrings on the PI FA's 
radiation pattern at 900 MHz (left) and 1900 MH z (right). In all the tested cases, the 
edge of the earring is pierced into the ea rlobe on the right hand side of the SAM head. 
Figure 5.3- 15 (a) shows that the inclusion of larger earrings with a diameter of 50, 80 
and 90 ml11 notabl y alters the radi at ion pattern at 1900 M Hz (when the hand is 
absent); however the effect of an earring is less significant with the hand present. At 
900 MHz, some variations on the patterns were observed with the smaller earrings, 
but the most significant effect is observed with an ea rring having a di ameter of90 mm 
(with and without the hand). A relatively large difference in the radiati on pattern is 
observed in the 8 = _90° to -1 50° region compared to the case of just the head and just 
the head and hand. Figure 5.3-1 5 (c) includes the same earring with the ring and 
bangle worn on th e hand . The combination of all three meta llic jewellery items can 
clearly alter the radiation pattern in a certain direction at 900 M Hz but overall appears 
to have less effect at 1900 M Hz. 
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Figure 5.3- 15: Radi ation patterns for a PIFA antenna at 900 M I-I z (left ) and 1900 M I-I z (right) 
when place close to the SAM head (yz-plane) . The earrings penetrate the earlobe in the mode l 
(a) without the hand, (b) with the hand and (c) with the hand wearing a ring and the bangle. 
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Figure 5.3-16 shows the radiation efficiencics of the system when the meta lli c rings or 
the earrings were included to the SAM head and hand model at 900 and 1900 MHz 
with a monopole and a PIFA antenna as the radiating sources. Generally the radiation 
efficiency of the system decreased signifi cantly when the mob ile handset was 
positioned closed to the SAM head and hand. The presence of a metallic ring or an 
eaJTing alters the radiation effi ciency of the system but the effect strongly dependant 
on the frequency, type of antenna in use and the inclusion of the human hand . As in 
Chapter 4, the metallic rings and earrings in vesti gated in thi s thesis generall y show 
less significant effect espec ially when the hand is included in the simulation model. 
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Figu re 5.3-16: Rad iation efficiencies for a monopole and a PLFA antenna at 900 MH z (left) 
and 1900 MH z (right) for the case of (a) metalli c rings, and (b and c) the metallic earrings 
WO I11 on the SAM head. 
5.4 Conclusions 
It is wc ll known that the head and thc hand have an influence on handset antcnn a 
performance and on SAR. This chapter has indicated that the meta ll ic loop-li ke 
jewell ery items worn on the head and the hand ha vc an additional effect. Howcvcr, 
th e magni tude of influence on the results is strongly dependent on the prox imity of the 
jewellery items to the antenna, the jewellery size and ori entati on re lat ive to the 
antenna, th e excitation frequency and the type of antenna in use. As in Chapter 4 , the 
results in thi s chapter are considered novel since no other research to date has 
cons idered the presence of metallic rin gs (and a bangle) worn on th e hand whil e 
in vesti gating the SAR in the head and the antenna performance. In addi tion, the 
presence of the hand that holds the handset has not been reported while in vestigatin g 
the metalli c earri ngs cffcc t on SA R. 
For both antennas investi gated, the prcscnce o f the head has significa nt ly altered the 
antenna radi ation pattern along the direction of the head (y-direc ti on) and the 
rad iat ion e ffi cicncy of th e system due to the sign ificant amou nt of energy absorbed 
and re fl ected by th e head. The hand , when added, further modifi es th e radiati on 
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pattems and effic ienc ies at both frequencies in vesti gated . The hand has also 
introd uced a very strong effect into the SAR va lues compared to ' no hand ' , especiall y 
when a n internal antenna was used as the radiating source. Thi s may be due to the 
amo unt of energy absorbed and reflected at th e hand die lectri c boundary and since th e 
hand is usuall y pl aced very close to the main radiating element in th e PIFA antenna. 
Thi s would suggest that it is important that th e hand is mode ll ed and included in 
eva luating the antenna radi ation perfonnance and SA R. 
Ne ither the ring nor the bangle worn on the hand has an important effect o n the 
monopole or th e PI FA radiation pattern and effi ciency at 900 or 1900 MH z due the 
size and orientat ion of the ring relati ve to the unit ' s antenna. Wearing a ring cou ld 
a lso be bene ficial since it he lped to reduce the am ount o f energy absorbed in th e head 
at 900 MH z. However, the ring may a lso increase the averaged I g SAR in the head 
part icul arl y at the hi gher frequency. Larger diamet er loops found in the bangle should 
be ex pected to have more significant effect du e to its resonant frequency being much 
closer to the handset operatin g bands. Howeve r, the results ha ve shown that the 
bang le appears to be less important due to the fact that the position of the bangle is far 
away from the unit 's antenna. 
The earrings when pierced into the ea rlobe can a lter the antenn a radiati on 
performance, but the effect will be very variab le depending on the earring di ameter 
(especia ll y when the earring diameter is th e same or larger than 1/3 of the free-space 
wave length), the type of antenna and the frequency in use, and a lso the presence of 
the hand. The ea rrings have a potentia l to increase the averaged I g SA R in the head 
by approx imately 15% at 1900 MH z. The combinat ion of the hand with an earring 
and a ring could decreases the averaged I g SAR in the head by 28% at 900 MH z and 
increase it by 28% at 1900 MH z when compared to just the head case. The metalli c 
rings/earrings co uld potenti a ll y ex hibit resonance effects and ex perience loca l 
enhancement of the electromagnetic fi e ld near th e metallic object. However the 
meta ll ic rings or earrings in th is confi guration a ppear to have no s ignifi cant e ffects 
espcc iall y when a hand mode l was included in th e simulation mode l. 
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Chapter 6 
Hand Phantom Construction and SAR Measurement 
Results 
6.0 Introduction 
This chapter a ims to addrcss the e ffe ct of the hand and metallic loop- like jewellery on 
SA R in s ide a SA M head via measurements rather than just simulati ons. The 
measurement includes a nove l liquid hand phantom with rea li stic fi ngers, which a llow 
the effect o f metall ic ring to be further in vesti gated . The SAR results from th e 
measurements wi ll be com pared to s imu lati ons. 
It has already been shown that the hand does have an effect on thc handsct. Howcver 
the aim of thi s chapter is to exa mine if these effects could have a measLlreable impact 
on a standard SAR test. In thi s chapter, a reali stic li quid hand phantom will be 
presented, which has been success fu ll y constructed and employed in SAR 
measureme nts together with a SAM head phantom. The SA R measurem ents presented 
were perform ed with th e S PEAG DASY 4 system [I] and a replica of a mobi le 
handset as employed in Chapter 4 and Chapter 5 was constructed and used a the 
radi ating source. Meta llic loop-li ke jewell ery (ea rring and rings) made o f copper arc 
added to th e experimenta l setups. Moreover, the effect of the metallic jewellery and 
the hand arc examined and the measurement results arc compared 10 the s imulalions. 
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6.1 Phantoms and metallic loops for measurements 
6.1.1 The SAM head phantom 
The standard measurement in eva luating SAR inside the heacl still reli es on the 
homogeneous phantom. The homogeneous phantom also has the benefit that the entire 
vo lume is access ible by the measurement probe [2 , 3]. Therefore, the most conven ient 
and practical method of estimating the SA R in the head is by using a homogeneous 
head phantom [4, 5], which also provides better repeatab ility with respect to the test 
position than the anatomica l head [3, 6]. 
In th is chapter, the SAM head phantom will be employed (Figure 6.1- 1) for SAR 
measurements. The standard phantom is made of fibreg lass with a relati ve 
permitti vity of - 3. The phantom 'S thickness is 2 mm over most of the interi or surface, 
but 6 mm thick at the compressed ear location. The SAM head model is fill ed with the 
die lectri c material discussed ea rli er in the thesis, choosing the correct materi al for the 
frequency of interest (Table 6_1-1) [I , 8]. 
Table 6.1-1 : The dielectric properties of the simulat ing liquids for the head and the hand at 
900M Hzand 1900MHz [I ,8]. 
Frequency 'lOO M 11 / 1900 MH z 
Model E, (J (S/m) E, (J (S/m) 
Head (HSL) 41.5 0.97 40 1.4 
Hand (BSL) 55 1.05 53 .3 1.52 
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Twin SAM head phantom 
made or fiberglass, E, = 3 
i 
Right head side 
". 
Head simulating ----+ 
liquids (HSL) 
Left head side 
Figure 6.1-1 : The SAM head phantom and the head simulating liquid (HSL) employed in the 
SAR measurements. On ly the right head phantom was lIsed for measurements in thi s chapter. 
6.1.2 Hand phantom for measurement 
Handsets are typica lly tested without a hand, which usuall y results in an 
overestimation of the SA R in the head (more energy is absorbed in the head phantom 
[7 , 8]. A standardized hand model is not currentl y ava il ab le due to the large number 
of possible finger positions and different pract ices of hold ing the handset makes it 
diffi cult to spccify a standard "hand phantom" . This is why the effect of the hand not 
been considered in [7]. 
As has becn extcnsivc ly di scussed already, the hand docs affect the SA R va lues, and 
yet there has been li tt le reponed rescarch effo rt placed on constructing a phantom for 
it. There arc several examplcs of hand phantoms, such as in [9- 11]. The study in [9] 
6-3 
Chapter 6 I-land Phantom Construction and SAR Measurement Results 
has shown a strong loss contributi on by the hand . T he hand phanto m in thi s paper is 
made of silicone rubber loaded with carbon fibres, by Indexsar Ltd . Boyle [9] 
suggested that the hand phantom should be placed in various positi ons representing 
typica l way of holding a mob il e hand set to a llow an accurate phantom measurement 
on phone-by-phone bas is. However, it is d iffi cul t to have a hand phanto m that suits 
each mobil e handset des ign due to phys ica l differences in the construction. 
The hand mode l in [10] was constntcted from PVC and fi ll ed with ti ssue s imulating 
liquid whi ch is eq ui val ent to the head ti ss ue liquid, whil st in [ 12] a physica l head and 
hand phantom have been manufactured from synthetic tissues that include some 
anatomical deta il s of the head and the ha nd . The latest hand phantom introduced by 
Gabri e l [11] is made o f carbon-loaded silicones. However, due to the compl ex ity of 
the heterogeneous phantom mode l, a sub stantia l amount o f research is sti ll uses the 
simple homogeneous sphere head and block hand models. These s imple mode ls are 
more practi ca l and can be more easil y designed and comparcd with num eri ca l models. 
Although the CENELEC [1 3] and the IEEE Std . 1528 [7] have not currentl y included 
the hand for the mobil e phone compli ance, it is interesting to eva luate how the ha nd 
presence could affect the SA R in the head [14]. 
In th is thesis, a homogeneous hand phantom has been successfull y manufactured and 
has been employed in the measurements representing a rea li st ic way of hold ing a 
mobile handset (Figure 6. 1-2). The sizes of the hand phantom (includ ing the fin gers) 
are comparable to the sizes o f the hand anth ropomorph ic data of US Arm y ( 199 1) 
[ 15]. The hand phantom construct ion is di scussed in Section 6. 1.2. 1. The hand 
phantom is fill ed with the body simu lat in g liquid (BS L), for the frequency o f interest. 
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(b) 
Al4-monopole antenna 
on top of a metal box 
Figure 6. 1-2: The (a) constructed hand phantom employed in the SA R measurement s and (b) 
hand phantom holds the handset unit. 
6. /.2.1 The halld phall/olll cOlls/ruc/ioll 
To begin , the hand and finger sizes of 15 people selected randoml y from the loca lity 
and of mixed gender were measured. The dimens ions of each person's fi ngers were 
recorded (i n Appendix 0 .1) and the data set was compared statist ica ll y with the US 
Anny Hand Anthropometry (199 1) [1 5). An individual from the group of 15 was 
found to have nearl y similar averages to the US Arm y Size set. Statistica l data is 
presented in the Table 0 .3 (Appendix 0 .1) to support thi s selecti on. The individual 
agreed to have hi s hand cast using a two-stage process prior to digitization. The 
casting was essential to capture a very accurate CA D model because small 
movements in the hand generate errors du ring laser scannin g. 
The hand casting technique utilized denta l alginate powder and Plaste r o f Paris. The 
scanni ng was carried out using a Ro/and Picza Scanner that was ava ilable in the 
Wolfson School of Mechanical and Manufacturing, Loughborough Uni versity. During 
the moulding process (shown in the Appendi x 0 .2) the ri ght hand was inserted into 
the alginate, whil st the left hand held a handset in a natu ra l pose. Th is is very useful 
tec hnique because there is no visua l feedback when the hand is immersed in the 
alginate. Thus when the left hand strikes the intended pose, the human brain is able to 
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make the ri ght hand mirror it w ith reasonable accuracy'. Following the mould in g of 
the hand, the hand itse lf was extracted fro m the curved alginate and the cav ity was 
fill ed with plas ter to form a cast. The end result from the casting is shown in Figure 
6. 1-2. The cast hand model was scann ed and the 3 D data was prepared for the 
manu fa cturing process, which utili zed a Selective Laser Sintering (S LS) mac hine 
[ 16]. The SLS is an add iti ve rapid manufacturing technique that uses a high power 
laser to fu se together small parti cles of plast ic, meta l, or ceramic powders in to a mass 
repre enting th e desired 3-dimensiona l object. The manufactured hand phantom was 
made of DuraFonn Polyamide (PA) [ 17] (a lso shown in Appendi x D), nylon materi al 
w ith 2.5 mill wa ll thi c kness and a dielectric constant of approximately 2.9 (sce Figure 
6.1-2). 
The manufactured hand phantom is useful s ince it strikes an ord inary pose of ho lding 
a mobil e handset and can be used next to the head phantom. It also prov ides hi gh 
repeatab ili ty du c to its fix ed shape and the ab ili ty to ' hold ' the handset un it. The hand 
phantom also a llows different simulating liqu id to be appl ied for measuring different 
frequencies. In additi on to that, the hand phantom includes realisti c fin gers, which 
enablc the effect of thc metall ic ring present on SA R to be measured , which was the 
main motivation for its construction. 
6.1.3 Metallic loop like jewellery for measurements 
To a ll ow compari son between thc measurement results and th e s imu lati ons, the same 
sizes of ea rrings as in Chapter 4 and Chapter 5 were adopted in the m easurements. 
However, copper earri ngs wit h an inn er diameter of 2 mm were not avai lable during 
the mcasurements, so an inner d iameter of 3 mm was used (Figure 6. 1-3). The copper 
ea n·in g in thi s study is attached to the outer surfacc on the right hand s ide of the SAM 
. Differen t person clearly ha ve different abilit y to perform this. Most people rind that they can perfo rm 
this mirroring without pract ice , though it is a ski ll which can be improved wi th prac tice . The subject 
llsed fo r the model in this thesis was considered skilled. 
6-6 
Chapter 6 Hand Phantom Constructi on and SAR Measurement Resu lts 
head phantom. A metallic ring was also included in the measurements. The ri ng width 
was 5 mm, whilst its outer diameter was about 30 mm to fit with the finger of the 
hand phantom. 
Units in mm 
Figure 6. 1-3: Copper earrings (left) and ring (right) dimensions employed in this chapter. 
6.2 DASY 4 measurement system and procedures 
6.2.1 The DASY 4 measurement system setup 
The measurements in this study were performed by means of the DAS Y 4 system. 
This system comprises of mechanica l arm to pos it ion an isotro pic electric fi eld probe 
inside the SAM head phantom, a shell phantom, ti ssue simu lating liquid and software 
that controls the robot and processes the measured data. The DASY 4 measurement 
system setup is as shown in Figure 6.2- 1. The highest SA R typica ll y occurs near the 
surface of the SA M phantom and is not usuall y measurable by an electric fi eld probe 
since its sensor is located 2-4 mm behind the probe tip . Therefore, an ex trapolation 
algori thm is included in the software which enables the deepest measured points in 
the phantom surface to be estimated [ I]. Li kewise, an interpolation algo ri thm is also 
ava il able to prov ide finer mesh in the measured results [ I, 18]. In determin ing the 
SA R, area scans wcre performed with a coarse measurement grid (at least 10 mm) in 
order to determine the approx imate locati on of the hot-spots or the pcak SA R va lues . 
So-ca ll ed zoom scans were also carried out over a much finer measurement grid at 
locations identifi ed as having high SA R. The output of th e process was a set of I g or 
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10 g averaged SA R va lues. The DASY4 m easurements were eva luated and th e resul ts 
visuali zed wi th the SEMCA D, post-processor so ftware. 
converter (EOC) 
box 
Data acquisition 
1 (DAE) 
• • ~--:---L--h====;;;-~--R()bot arms 
Twin SAM phantom DASY4 son ware and SEMCA D 
post process ing tools 
probe 
Server---+ 
Figure 6.2-1 : The DASY 4 measurement system setup [I). 
6.2_2 Measurement procedures 
In thi s chapte r, a rep li ca of a mobile handset as empl oyed in C hapter 4 and 5 is 
developed with a Al4 monopo le anten na fed at its center on top of a conducting box 
(see Figure 6.2-2 (a)). The anten na was powered by a CW source at both 900 MH z 
and 1900 MHz and the amplitude of the in put power was measured us in g a power 
meter prior to each measurement being perform cd . In thi s work, the handset antenn a 
is pl aced in the ' cheek ' position as ordina ril y used amongst the majority of users (sce 
Figure 6.2-2 (b)) [7, 13, 19] . In order to invest igate the effect brought about by the 
metall ic earrin g wo rn on the ear, a metalli c loop (of different di ameters) as di scussed 
in Section 6.2 was allached to the edge of thc ear (sec Figu re 6.2-2 (c)), representing a 
reali stic co ndit ion of human wearing an earrin g. Note that at thi s sta ge no hand 
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phantom was in place. Cotton threads and a clea r sti cky tape were used to attach th e 
loop. The amount of additional materia l was kept to an abso lute minimum to 
minimize any detuning effects. Ln the latter measurements, the manufactured hand 
phantom was incl uded in order to investi gate what e ffects the hand may have on SA R 
va lues ins ide the head (with or without an earring) . 
In the next set of measurements the hand phantom was placed underneath the head 
and holds th e handset (see Figure 6.2-3). In additi on to that, each of the finger 
positions beneath the phantom surface was marked to ensure that the hand was at the 
same posit ion throughout the measurements. Meanwhi le, the e ffect of the meta llic 
ring worn on the human fin ger was also invest igated (with or without the earring). 
The metall ic rin g was placed on different fin gers for compari son. 
-
(a) (c) 
An ea rring is attached 
to the edges of the ear 
surface 
Figure 6.2-2 : (a) The handset antenna model employed in the measurements, (b) the handset 
placed in the cheek pos ition beneath the head phantom and (c) the earring attached at the 
edges of the ollter ear surface on the phantom. 
6-9 
- -- - -------------------
Chapter 6 Hand Phantom Constructi on and SAR Measurement Resuils 
(a) (b) 
(c) 
Metall ic ring 
Marked with points to 
_" Il > U1 ~ the hand was 
placed at the same 
position throughout the 
measurement s 
Figure 6.2-3: The measuremenls scenarios: (a) Ihe hand phanlom fill ed wi th body simulating 
liquid (BS L) was placed underneath Ihe head holding the handset, (b) a melallic ring worn on 
Ihe index finger and (c) the earring attached atlhe edge of the ear surface with the presence of 
the hand. In all cases, the head was fi lled wit h head simu lating liquid (HSL). 
6_2_3 SAR measurement results 
The Al4 antenna was fed at its center by a C W source at both 900 M Hz and 
1900 M Hz. The recorded SAR values were normali zed to 0.25 Wand 0. 1 r W at 
900 MH z and 1900 MH z respect ively. The simulations results were a lso included 111 
the fi gures for compari son with th e measurement s. 
Figu re 6.2-4 shows th e effect o f metall ic earrings on the averaged I g SA R in the 
head at 900 MHz. Ge nerall y, the trend of the effect of th e metall ic earrings is in 
reasonabl y good agreement with the s imu lat ion results. Howeve r, there a re 
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di screpancies between the two resu lts in which the amplitude of the simulated 
averaged I g SA R in the head is more than twice the measured averaged I g SA R 
va lue. This diffcrcnce was ex pected since the hcad modcl employed in the simulation 
does not include the outer dielectric shell , so thc handset body was pos itioned in very 
close proximity to the head surface (sce Figure 6.2-7 (a». With thi s geometry, the 
simulated SA R in the head will be higher than the measurement. Hencc, small 
variation in the di tance (a mall a I or 2 mm) between the antenna and the head 
could change the SAR values quite sign ificantly [4 , 5]. 
6 
5 
o 
_ head+hand+earring50+ri ng 
..... ;" ..... "' .... ~ f?""'i ~ 
_ hcad+hand+caning80+ring 
----...- hcad+carring 
25 
~ hcad+hand+caning 
--head 
•• -)Ko •• head+hand 
S imulatio n meas ure me nt 900 MHz 
..... 
'j( .• . • • '" . .• :..Il.: ... 
~ -.- ~ ~ 
~ ~ ~ 
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diam eter of ea rrin gs (mm) 
80 90 
Figure 6.2-4: The simulations and measurement results of the averaged I g SAR in the head, 
wi th or without the hand and the jewellery at 900 M H2. 
Figure 6.2-4 also includes the effect of the hand , the earring and the ring. The hand by 
itse lf with the earrings, regardless of the earring diamcter, dec reases the averaged I g 
SAR in the head if compared to the case of just the head. Gencrall y, thc hand when 
added to thc head-eatTing model dec reases the averaged I g SAR in the head. 
However, there arc di screpanc ies between the mcasured and sim ulated results 
incorporating thc hand phantom, which will be exp lained in ecti on 6.2.4 later. In 
addition , it is good to simulate th e samc modcl as thc measurement setup. However 
thi s procedure cannot be performcd due to the di ffi culti es and limitation of handling 
the same models in different software packages (Microstripes vs SEMCAD). 
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Figure 6.2-5: The simulation and measurement resuits of the averaged I g SAR in the head, 
with or without the hand and the jewellery at 1900 MHz. 
Figure 6.2-5 shows the head, the hand and metall ic jewell ery effect on the averaged 
I g SAR in the head at 1900 MHz. As at 900 MHz, the magnitude of the simulated 
averaged I g SAR in the head is more than twice the measured onc. The hand notab ly 
increases the averaged I g SAR va lues in the head compared to the ' no hand ' case, 
which is in good agreement with the simulation results. Converse ly, there arc some 
differences between the measurements and the simulations on the effects of the 
earring with or without the hand. The earrings reduce the averaged I g SA R in the 
head in the simulations but increase it in the measurements. However, the trend of 
increased SAR at 1900 MH z can be seen on the simulated peak SAR va lues in the 
previous chapter (sec Figure 5.3-6), whi le the averaged I g SAR showed no increa e. 
The SAR is loca ll y enhanced in close prox imi ty to where the earring picrces the 
ea rl obe, but no important enhancement is observcd deeper in the head. In addition, the 
difference of the antenna-dielectric and the earring-dielectric di stance between the 
measurement and simulation model can also affect the earring response to the 
electromagnetic fi eld radiated by the antenna. 
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Comparing th e effects of the meta ll ic ring wo rn on the hand on the averaged I g SAR 
in the head (sce Figure 6.2-6), shows a good agreement, pa'1ieularly on the trend . The 
difference on the amplitllde is similar as been discussed above. The inc lusion of the 
hand decreases the averaged I g SA R in the head at 900 MHz, but increases it at 
1900 MHz. Figure 6.2-6 also shows that the hand wea ring a ring in this configuration 
can notably decrease the averaged I g SAR in the head at both frequencies 
investigated. 
(a) 
(b) 
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Figure 6. 2-6: Si mulat ion and measurement resuits of the averaged I g SA R in the head, with 
and without the hand, the ring and the combinati on of both an earring worn on the ear and a 
ring worn on the hand at (a) 900 MH z and (b) 1900 MH z. 
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6.2.4 Meas urement result discussions 
In general, the trend of the effect of the hand , the eamng and the ring shows 
agreement with the simulations at 900 MHz (sec Figure 6.2-4 and Figure 6.2-6). 
However, there arc sign ificant differences on the amplitude of the averaged I g SA R 
between the two methods which are worthy of further invcstigation . The simulatcd 
averagcd I g SAR va lues in thc head we re higher than the measured va lues by more 
than 50%. The differences in the measurement results arc more pronounced at 
1900 MHz compared to 900 MH z. Thc di screpancies between both methods arc oftcn 
due to the uncertainty related to SAR mcasurements [20]. 
There are differences between the geometry of the head, the hand and the jewellery 
modcls employed in both methods. There arc also large differences between the 
simulation and the measurement in terms of the distance between the antenna-head, 
antenna-hand and antenna-head-jewe ll ery. The SAM head model cmployed in the 
simulations does not include any outer shel l and thus the handset body is oriented in 
the check position and placed very close to the compressed ear (see Figure 6.2-7 (a)). 
However, the SAM head phantom employed in the measurements includes 2 mm 
shell thickness with about 6 mm shel l thickness on the compressed ear region (Figure 
6.2-7 Cb)), wh ich separates the handset antenna fro m the simulating liquid. 
Additionall y, the size of the hand phantom employed in the measurements was bigger 
than the simulati on model due to the inclusion of around 2.5 mm thick wa ll on the 
hand phantom; but no outer shell was included in the simulation model. The hand 
phantom shape was also not as simi lar as the simulation model; so this causes the 
finge rs pos ition of the hand phantom relat ive to the antenna differs sli ghtl y compared 
to the simulation. Nevertheless, the hand phantom used in the measurement at 
900 MHz was fi ll ed with BSL of 1900 MH z because the body fluid of 900 MHz is 
currcnt ly not avai lab le in the lab. This different may has an effect on the SAR va lue 
since the die lectric properties or the liquid werc different for different frequency. 
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In addition to that, the meta llic earring employed in the simulations has 2 mm of 
internal diameter and was pierced directly into the earlobe (dielect ric). Otherwise, the 
earring in the measurements was 3 mm of internal diameter (sce Figure 6. 1-3) and 
was attached (not pierced) to the outer surface of the phan to ms' ear, which was about 
6 mm di stance from the liquid. Although the earring thi ckn ess does not show 
important effect on the SA R results in Chapter 3, the separation di stance between the 
earring and the di electri c emplo yed in the measurement may modify the Cut1'cnt 
distribution on the surface of the metalli c earring, thus influencing the earring 
response to the fi eld radiated from the antenna, which may therefore affect the SA R 
va lues. 
(a) 
r 
Earring pierces 
the earlobe 
(b) 
cl, 
.......... , 
, , 
, , 
, 
, 
, 
Fibreglass!shell, 
head phantom 
(c) 
2 mIll 
...., ...... 
Head fill ed with 
HSL 
Figure 6.2-7: Simplified representat ion of the geometry employed in the (a) simulation in 
Chapter 4 (spherica l head) and Chapter 5 (SAM head), (b) measurement (SA M head 
phantom) and (c) mod ified simulation with 2 mm gap. d,: shell thickness at the compressed 
ear region, d1: shell thickness of 2 mill . 
Moreover, analysis on the results of the peak SAR di stribution at 900 MHz revealed 
that the simulated peak SAR occurs behind the ear, but the peak SA R in the 
measurement was fo und behind the ear and the cheek on which the handset-antenna 
was placed. This may therefore lead to the difference in the maximum SA R va lues 
found between the two methods that can al so alter averaged SA R results. Thus, the 
above mentioned di fferences could cause discrepanc ies in the results, as these factors 
may affect the coupling, the way the meta llic jewell ery interact and response to the 
electromagnetic field , wh ich results in different SA R results. 
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6.2.5 Further simul ations 
The resu lts in prevtous section show di screpanc ies between the s imulat ion and the 
measurement result s. In order to all ow compari son with the measurements, further 
simulati ons were performed by modifying some deta il s on the models employed in 
the simulat ions. In this section , the same SAM head and rea listi c hand model were 
used, but the head was translated by 2 mm in y-direction, so that there was a more 
representati ve 2 mm ga p bctween the head-handset model s. The ean·in g of 3 mm 
diameter was also placed at 2 mm distance from the head surface and was not inserted 
into the di electr ic as in the previous simu lat ion mode ls (Figure 6.2-8). The hand 
model at 900 MH z was given the properties of musc le at 1900 MH z (as employed in 
the measurements), wh il st the dielectri c for the hand mode l at 1900 MH z remains the 
same as in the earli er si mu lations. However, th e sa me hand model (as in earlier 
simu lations) was used in the fo llowing investigation and no outer shell was added to 
the hand model. There were problems producing an anal ys is model from the avai lab le 
CA D data, but at least the model produced (with 2 mm gap between the head-
antenna) was better than before . 
z 
J an earring 
Figure 6.2-8: The hand holds the handset at 2 mm distance from the ea r surface. An earring is 
also place at 2 mill di stance from the ea r considering the shell thickness of the head phantom 
ill the measurements. 
Figurc 6.2-9 rcpresents results of the modifi ed simu lation mode l (2 mm gap) and th e 
effect that the hand and the jewellery may have on the averaged I g SA R inside the 
head. The lines with soli d symbols represent the measurement res ults, wh il st the 
simulati on resu lts (with 2 mm gap) are represented by the lines with ho ll ow symbo ls. 
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Genera lly, the simulations (modified modcl) show good agreement with the 
measurement results, at both 900 and 1900 MHz (see Figure 6.2-9) . The trend and the 
amplitude of the averaged I g SA R in the head, considering thc effect of th e hand and 
the metallic earri ngs looks rcasonab le. At 2 mm di stance from the dielectric, an 
earri ng with a diameter of about 114-1.. of the co rresponding frequencies (900 MH z) 
signifi cantl y increased the averaged I g SAR in the head . The hand when added into 
the s imulation further modifi ed the averaged I g SAR but the effect was varied with 
the diameter of an e3lTing being worn. 
The simulations with the modified model (Figure 6.2-9) compared to the previous 
model (Figure 6.2-4 to Figure 6.2 -5) have shown th at the prox imity of the head and 
the metallic jewellery to the radiating sourec is very significant. Certain sizes o f 
ea rring may s ignificantl y increase the averaged I g SAR when its diamcter is close to 
resonance and when it is plaecd at ccrtain di stance from the head-antenna. Although 
the simulation results of thc modified mode l show better correlation with the 
measurem ents, there are still di screpancies between the simulations and the 
mcasurements. Possible reasons for these differences are the head-antenna and 
earring-head di stance (2 mm in the modifi ed mode l vs. 6 mm in th e m easurement), 
the hand mode l geom etry (with/without the outer she ll) and a lso the compu tat iona l 
cell sizes employed in both methods. The cell s izes employed in the m easurement is 
different from thc simulations. In the simulation a ce ll size of at least Amint/lO was 
set inside the hcad and hand, and smaller cc ll s izes were considcred in the antcnna and 
the metalli c jewe llery region. Otherwise in the DASY4 measurem ents 10 mm and 
5 mm grid step size were uscd for the area scan and the zoo m scan respecti ve ly. Thus 
duc to thi s diffcrence, the maxima point determined in the simulation may not being 
scanned by thc probe and yct may produccs different averaged AR results. 
t Annn is the wavelength within the dielectric material that having the highest permilliv it y (dielectric 
constant). 
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Figure 6.2-9 : The averaged 1 g SAR in the head by the presence or the hand and metallic 
earring at Ca) 900 MHz and Cb) 1900 MH z. The head is at 2 mm distance from the handset 
body. 
Figure 6.2-10 shows the peak SAR di stribution of the modified simulation models 
Cwith 2 mill gap between the head-handset). Figure 6.2- 10 show good agreelllent with 
the di stribution obta ined from the measurement (as discussed in Seeti on 6.2.4), where 
the peak SA R wa found beh ind the ca r and on the cheek reg ion with no earring. An 
earring, when present , enhanced the SAR va lues near to the region where the earring 
is placed. The hand when addcd to the hcad-carring model notab ly changed the peak 
SA R di stribution due to the absorption and refl ecti on at the hand diel ectric boundary. 
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Max imum SAR 
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Figure 6.2-10 : The simulated SA R distributi on inside the head ro r the modified s imul ation 
mode ls at 900 MHz (Ien) and 1900 MHz (ri ght ); (a) head only, (b) head with hand , (c) head 
worn earring without the hand and (d) head worn earring with the hand present. A monopole 
antenna was used as the radiat ing source. 
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6.3 Conclusions 
In thi s chapter, a rea li stic liquid hand phantom has been successfully constructed 
representing a rca listic way o f ho lding a mobil e handset and employed in the SA R 
measurements together with the SAM head phantom. The manufactured hand 
phantom is adva ntageous since it strikes an ordinary pose of holding a mobile handset 
next to the head phantom. It a lso provides hi gh repeatab ili ty due to its fi xed shape and 
the ability to ho ld most the hand set unit. In addi tion to that, th e hand phantom also 
all ows different simulating liquid to be used. It a lso inc ludes rea listic fin gers, which 
enable the effect of the metallic ring present on SAR to be measured . 
This chapter has compared the measurement results with two sets of s imulat ions. No 
direct comparison between both methods can be full y investi gated due to inherent 
modelling limitati on, the di scre pancies due to the uncel1a inty related to SAR 
measurements and additi onal factors as have been discussed in Section 6.2.4 and 
Sect ion 6.2.5. The results showed that the metallic earring increased th e averaged I g 
SA R by 60% when its di ameter is around 114 of the free space wavelength . However, 
the effect of metallic ea rring on SAR is highly dependent on its position relative to the 
head, the head-antenna distance and th e presence of any additional objects in close 
proximity (i.e. hand , ring) especiall y at higher freque ncy. The hand, w hen added to 
the mode l, tends to increase or decrease the SAR depending on the frequency. There 
is good agreement betwecn measurement and computer model. Wearing a metallic 
rin g on the fin ger seems to be advantageous as it is appears to decrease th e averaged 
I g SAR in th e head. Thi s supports the conclusions in Chapter 4 and 5. 
Care should be taken when modelling the handset, the head, the hand and the meta llic 
objects . The di stances between these subj ects to the radiating source are very 
important , since mall differences in the di stance may signifi cantly a lter the SAR. For 
exa mp le, the introduc tion o f just 2 mm gap between the head-antenna and head-
earrin g appears to lead to more than 50% difference in thc results, and co uld a lso 
affect th e metal lic jewe llery behavior and response to the elec tromagnetic energy 
radi ated from the antenna. 
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Chapter 7 
Conclusions 
7.0 Introduction 
This thes is has investigated the interaction between the handset antennas and the 
human head , the hand and a lso additional metallic jewellery items WOIll on the human 
head and hand . Thc thesis provides detai Is of thc resea rch topic by mean of computer 
simulations and measurements. In thi s chapte r, the completed works are summari zed 
and some suggestions are presented for futme research. 
7.1 Summary of research and results 
This thes is has investigated the effect o f the human hand and meta llic jewcllery items 
on SAR and on the antenna radi ati on pcrformancc over two different frequencies . In 
Chaptcr 3, the capab ility and accmacy o f Microstripes in dealing with the interaction 
bctween the antenna , thc human and mctallic loop- like jewellery items has been 
va lidatcd aga inst the publ ished rcsu lts of other commerc ialized sim ulat ing so ftware 
(FDTD). Good agreement was observed betwecn both methods, thu s provides 
evidence that TLM is su itable to estimate the intcraction between the antenna , the 
head/ hand and meta ll ic jewellcry itcms. The effccts of different s izes, oricntati ons, 
and distances of the meta lli c loop-like jcwclery items relati ve to the monopole 
antcnna on a cubic phantom were investi gated . Thc e ffcct of diffcrcnt mctal propcrties 
was also invcst igated . Based on the results, it can be concludcd that mctalli c loops 
have additi ona l influcnce on SAR in thc phantom (beside the effect of the human head 
and hand) . Howcver, the cffect is high ly dependent on their size, orientation and 
di stance re lati vc to the unit 's antenna, the frequcncy and the type of antenna in use. 
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The effect of the metallic loop is not stro ngly depcndcnt on the matcrial of the loops. 
The metallic ring placed behind the antenna does seem to a lter the mass averaged 
SAR, a lthou gh the effect is quite smal l. 
The effect of meta lli c jewellery items on SAR and on the antenna performance have 
been further invest igated utilizing a simple homogeneous spheri ca l head and a block 
hand mode ls in Chapter 4, wh il st a more real istic head (SAM) and hand model s were 
em ployed in Chapter 5. A A/4 monopo le antenna on top of a metal box has been used 
as the radiating souree in both chapters; a dua l-band PI FA was a lso inc luded in 
Chapter 5 fo r comparison to the monopole. Different diameters of earrings were 
cons idered and the ring was placed on different fin gers for co mparison. 
7.1.1 Effects on SAR 
This thes is has shown the effect of the two different hand geometries on SAR and on 
the antenna rad iation patterns (of a A/4 monopole and a PI FA antennas). The effect of 
th e hand pos ition relati ve to the antenna was a lso investigated us ing a homogen eous 
block hand model. The averaged I g SAR inside the hand was significant ly increased 
whcn the hand shaded part of the antenna, however thi s particular position, would be 
quite an unusual and inconvenient operating position. In ordinary use position, the 
hand notab ly decreases the SAR in the head at 900 MHz due to the energy absorpti on. 
However, the hand increases the SA R at 1900 MH z and thi s is partl y explained by the 
re fl ection at the hand-dielectric boundary. 
In additi on, the hand models in thi s thesis include fingers whi ch enable the effect of 
meta llic rings to be examin ed. The rings can notably alter the SA R in th e hand itse lf, 
therefore cou ld also affect the SA R inside the head . ote that the effect of the ring on 
the SA R va lues ins idc thc hand and the head has not been previously repo rted in the 
literature. For both the head mode ls cons idered , meta lli c rings can both increase or 
decrease th e SA R inside the head depending on the frequency of exc itation and the 
type of antenna in use. Genera ll y, results indicate that meta ll ic rings decrease the 
averaged I g SAR in the head by more than 5% at 900 Ml-l z when co mpared to the 
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' no ring ' case. Larger di ameter loops found in the bangle should be ex pected to have 
more signifi cant effect due to resonant frequency be in g more li ke ly to be much c loser 
to the handset ope rating bands. However, th e results have shown tbat th e bangle 
appears to be less important due to the fact that the ba ngle is pos itioned a signifi ca nt 
dista nce away from the uni t's antenna. 
The effects of metallic ea rr ings worn on the car are presented for different sizes o f 
earrings. The effect of meta lli c earrings has been found to be very dependent on the 
ea rring's pos ition relati ve to the head model, th e frequency of excitat ion and the type 
o f antenna in use. Note that the effect of pi erced earrin g on the SAM head is very 
diffe rent to the effect of the attached earring on the spheri cal head mode l. Cons iderin g 
an ordinary wo rn conditi on (pierced earrings), results indicate that the eaITings in thi s 
confi guration decreased th e averaged I g SAR in the head at 900 MH z but the 
amplitude is dependent on the earrings diameter. The earrings a lso have the potential 
to increase the hi ghest SAR fi gure in th e head by approx imatel y 15% at 1900 MH z. 
The hand w hen added to th e head-ea rring model alters the averaged I g SAR due to 
increased dielectri c loading, absorpti on and a lso due to the re fl ection at the hand-
dielectric boundary. Resu lts a lso show that the hand becomes more signifi cant with a 
PI FA antenn a as the radiat ing so urce due to the pos iti on of th e hand is substantiall y 
closer to th e radiating elements of the PI FA antenna. The effect of the combination of 
the hand, the earring and the finger ri ng onl y show minor diffe rence on th e SAR 
va lues (compa red to th e head-hand-earri ng cases) at both frequencies tcstcd. 
7.1.2 Effects on the antenna radiation patterns and efticiencies 
The e ffect of the head, hand and mcta lli c jewe ll ery items on the antenna radiati on 
pattcrns arc also presented in thi s thes is. In the presencc of the head, the a ntcnna 
radiation pattcrn was signifi ca ntl y influcnced along the dirccti on of th e hcad (y-
dircction) due to a quite large frac ti on of the cne rgy be ing abso rbed by the head. The 
hand when added to thc model (head onl y) further modifi ed thc radi at ion pattern s ince 
thc hand that ho ld s thc handset body absorbs and re fl ects part of th e radi ated energy. 
Adding mctalli c rin gs to th c ha nd shows onl y minor e ffec ts on thc radi ati on pattern 
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for the freque nc ies co ns idered in thi s thesis . There was also fou nd to be very littl e 
difference for the resul ts between the ring pos iti ons on the fin gers. It seems like ly that 
thi s is because th e s ize of the ring is relat ive ly sma ll co mpared to the wave length and 
its re lative orientati on and location to thc radiati on source mak es coupl ing 
unfavorab1c in the s ituations in vestigated. The carrings whe n pierced into the ea rl obe 
ca n a lter thc antenn a radiation performance, but the effect will be variabl e depending 
on the earring's diameter, the type of antenna and the frequenc y in use, and a lso th e 
presence of the hand . Smaller earrings with diam eters of25, 30 and 40 mm show very 
similar and mostl y in signifi cant effects on the antenna rad iat ion pattern . However, 
larger earrings with a diameter of 1/4-1 /3 of the wave length do noti ceab ly alter th e 
radiat ion pattern, particularl y in the direction where the earring is placed (in z-
direction of th is confi guration). The combination of all three metallic jewell ery items 
can also a lter the radiati on pattern a little, but overall the effect appears to be less 
significant. 
Placcment o f the mobile handset close to the head resu lts in an e ffi ciency dropped by 
9% and 17% compared to no head at 900 and 1900 MH z respectively for a monopo le 
antenna as the radi ati ng source, while 22% and 13% 900 and 1900 MH z respective ly 
when a PIFA anten na was used as the radiating source. The hand when included into 
the system further a lters the radiation effic ienc ies at both 900 MHz and 1900 MHz. 
The inclus ion of a metallic ri ng or earring show only margina l diffcrence to the 
radiation effi ciency of the system. On ly loca li zed SAR seems to be affected by the 
rings or the earrings whil st no important effect was observed on the rad iat ion pattern 
and the efficiency suggests no large overall e ffect by the meta ll ic rings and earrings 
especia ll y w hen the hand is included in the sim ulat ion mode l. 
7.1.3 SA R measurements 
The effect of the hand and meta lli c jewellery ite ms were a lso in vesti gated us in g the 
DASY 4 measurement system. A nove l li qu id hand phan to m with fin gers was 
manu factu red whi ch all ows the e ffect of metallic rings to be further in vestigated . The 
man ufactu red hand phantom is very usefu l since it strik es a n ordi na ry pose of holding 
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a mobile handset and can be used nex t to the head phantom . It al so provides high 
repeatabi lity du e to its fixed shape and the abi lity to 'ho ld ' th e hand set unit. The hand 
phantom also all ows different tissue simulat ing li quids to be app li ed for measuring 
different frcquencie . As in the earli er simulat ions, different sizes of earrings were 
used in the measurement , whil st th e rin g is pl aced on different fin gers for compari son. 
Genera ll y, the trend of the effect o f the hand, the earring and the ring shows 
agreement with the s imulations; however there arc sign ificant differences in the 
amp litude of the averaged I g SAR between the two methods wh ic h have been 
di scussed in detail in Chapter 6. Further s imulations were made by introduc ing a 
reali stic 2 mm di stance between the antenna and the head fu rther supports the 
conclusion in Chapter 4 a nd 5. 
7.1.4 Final co nclusions 
From these results, it can be concluded that wearing metalli c rings on the human hand 
could possibl y be benefic ial to the users of a mobile handset as it seems to decrease 
the amount of energy absorbed ins ide the human head . Meanwhil e, both th e rings and 
the bangle are unlike ly to affect th e antenna rad iation performance to any large ex tent, 
unl ess they are c lose to the radiating element. Wearing a smaller earri ng has very little 
effect on SAR and on the antenna performance, whereas the earrings of diameter 1/4-
1/3 of the wave length (of the corresponding frequency) could notab ly a lter th e 
antenna radiati on pattern and cou ld a lso lead to enhance the loca l SAR near to edge 
where th e earri ng pierces the earlobe. However, no increased in SAR deeper in the 
head due to the metalli c earrin g is in evidence. These resu lts ma y also benefit to the 
manufacturers o f mobil e handset and the jewe ll ers s ince the results do not seem to 
suggest a s ignificant problem with the SAR va lues and fi elds onl y being affected 
slightl y by the presence of the meta lli c ring and earrings. However, care should be 
taken since th ere is a genera l trend for hi gher frequency co mmuni cat io n devices and 
the influence of metalli c jewe llery items ma y be more s ignifi cant due to reso nance 
effects. Nevertheless, the thesis has showed that the human hand cou ld significantl y 
modify the antenna radi ati on pattern s and the SA R. Hence, there is a gencra l trend of 
in tcrna l handset antenna for communication devices, thus PIFA antennas a rc a 
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popular cho ice due to the ir low-cost, low-profil e and because the free-space radiati on 
pattem shows a lower ga in in the direction o f the head. Conseq uent ly, the effect o f the 
hand could be very significant due to the hand and fingers situated very close to the 
large area of the P1FA rad iat ing e lements. Therefore, it is impot1ant that the hand is 
cons idered during the antenna design and the compliance testing. 
7.2 Future works recommendation 
This thesis has produced original wo rk, containing several new resul ts whi ch to the 
author's kn ow ledge have not previously been reported in the literature. Bascd on thi s 
research study, there are st ill a lot of arcas that seem worthy of study for future 
in vesti gation s. 
Further work s can be donc to investigate the effcct of meta llic jewell ery items worn 
on the human body by utili sing the more up to datc co mmerc ial mode l of a mobile 
handset as the radiating source. Thi s can be a repre entation of a rea l-world in-use 
condition s ince the realistic mobil e handset model may dcfinc thc correct head-
antenna, hand-antenna and jewellery-antenna di stance in an ordi nary use. The effect 
of metallic jewell ery items can also be further studied over a w ide range of 
freque ncies; hence there is a gencral trend for higher frequency communicat ion 
devices and the cffcct of meta llic jcwcll ery items may bc more sign ifi cant due to 
resonance effects. 
In thi s thesis, a nove l liquid hand phanto m has been manu factured for the 
measuremcnts, whereas different hand model was used in th e computer simulations 
due to the difficu lty of produc ing an analysis model from th e ava ilab le CA D data . 
Further works can be done to overcome thi s problem, since it is very useful if an 
identi ca l model of the hand is used in both meth ods to all ow more prec ise 
comparisons betwecn the simulat ions and measurements. 
There arc a number of studi es which have focused on the e ffect of meta ll ic spectacles, 
metallic implan ts and meta llic jewe ll ery items (carrings, nose rings, rings and 
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eyebrow piercing). HOlVever, none of them has considered the human hand. As the 
hand has been found to significant ly affect the antenna radiation performance and 
SAR; further resea rch of the effects of the above ment ioned meta ll ic objects can be 
carried out by considering the presence of the human hand holding the handset unit. 
Thus, it may be in teresting to in ve tigate how the hand could mod ify the effect 
brought about by the meta ll ic spectacles or the meta ll ic implants. 
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Tab le A. I: Differenl sizes of fin ger ri ngs commercially availabl e over differenl counlries. 
:1r • - D + DI ,Ull III Illm ( III: UI11I III III III 
l IS SIA' BIIII .... h I rC IlI.:h ( Icrm,lIl 1.lp .. nl.' .... c S\\ 1 ...... 
Aus' 
11.95 1/2 A -
-
12.37 38.9 I B - - I 
-
12.78 40.2 I 1/2 C 
-
- -
13.00 40.8 I 3/4 C 1/2 -
13.2 1 4 1.5 2 D 4 1 1/2 13 1/2 2 I I 2 
13.61 42.7 2 1/2 ~ 423/4 133 /4 3 234 
13.83 43.4 23/4 E 1/2 - -
-
14.05 44.0 3 F 44 14 4 4 
14.36 44.9 33/8 G 45 1/4 
-
5 5 1/4 
14.65 45.9 33/4 H 461 12 
-
6 1/2 
14.86 46.5 4 H 1/2 15 7 -
15.04 47. 1 4 1/4 I 473/4 - 73/4 
15.27 47.8 4 1/2 l Yl 15 1/4 8 -
15.40 48. 1 4 5/8 J 49 15 1/2 - 9 
15.70 49.0 5 J Vz - 153/4 9 
-
15.80 49.3 5 1/8 K 50 -
-
10 
160.0 50.0 53/8 K 1/2 
- -
10 
-
16. 10 50.3 5 1/2 L 5134 16 1134 
16.4 1 51.3 57/8 LI2 - -
- -
16.51 5 1.5 6 M 5234 16 I 2 12 1234 
16.92 52.8 61 /2 N 54 17 13 14 
17.13 53.4 63/4 N 112 
-
-
17.35 54 .0 7 0 55 1/4 17 1/4 14 15 1/4 
17.45 54.7 7 1/4 0 1/2 
-
-
-
17.75 55.3 7 1/2 I' 56 1/2 173 /4 15 16 1/2 
18. 19 56.6 8 Q 573 /4 18 16 173/4 
18.6 1 58.4 85/8 R 59 - 19 
19.10 59.4 9 1/8 S 601 /4 - - 20 1/4 
19.5 1 60.6 9 5/8 T 61 112 - 21 VI 
19.84 6 1.6 10 T 1/2 
-
20 20 -
20.02 62.2 10 1/4 U 6234 
-
2 1 2234 
20.32 63. 1 1058 V 63 
-
2334 
20.68 64. 1 II V l 2 
-
2034 23 
-
20.76 64.3 II I 8 IV 65 25 
2 1.1 8 65.7 I I 5 8 X 66 I 4 26 I 4 
2 1.49 66.6 12 Y 67 1/2 21 1/4 25 27 Yl 
21.69 67.2 12 1/4 VI2 
-
- -
-
2 1.89 67.9 12 1/2 Z 683/4 2 1 3/4 26 283/4 
22.10 68.5 12 3/4 Lt 2 
-
- - -
22.33 69.1 13 - - 22 27 
-
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Table A.2: Differe nt s izes o f bang les. 
11 ~1l1 SilL' I) 1.1 1111.: II:r ( · 1I l'ul11l~· r \"· 11I.: L' llI1dn (lIll'h) 
B,lIIgk .... Br.I(.:L'kh 
Bangle/Bracelet Very Small 2-2/16" 6.67" 
Bangle/Bracelet Small 2-4116" 7.06·· 
Bangle/Brace let Med ium 2-6116" 7.4Y· 
BanglelBracelet Med ium Plus 2-S/ 16" 7.S5'· 
Bangle/Bracelet Large 2- 10/ 16" 8.24" 
Bangle/Bracelet Extra Large 2- 12/ 16" S.63" 
M en's Bangle or Kara Large 2- 14/ 16" 9.02" 
M en's Bangle or Kara Extra Large 3.0" 9.42 
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Radiation patterns for a monopoJe antenna (xy-pJane) 
(Chapter 4) 
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Figure B. I: The an lenna radial ion pallern al 900 MI-Iz (Ien) and 1900 MI-Iz (right ) wilh and 
wilhoul Ihe head and Ihe hand (xy-plane). 
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Figure B.2: The radial ion pallern al 900 MHz (le ft ) and 1900 MH z (ri ghl) wi th the head and 
ha nd. A meta ll ic ring is worn on differelll fingers for compari son (xy-plane). 
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Figure B.3: Radial ion pallerns fo r a mo nopo le anlenna al 900 MI-Iz (Ie fl ) and 1900 MH z 
( riglll) when placed close 10 Ihe spherica l head . Melalli c earrings allached on Ihe righl hand 
side o f the head (a) without Ihe hand, (b) wilh Ihe hand (xy-plane). 
-I S 
-90 
-60 
y 
dB 180 
o 
50 
x 
90 
-.- head 
-90 
- 15 
y 
dB 180 
60 -e- headthend 
-+- he adt earring 
.......- he adthend+earring , Ei<-~. ;:;;~~ 
he adt hend+e arri ngI-ring -> 
o 
50 
120 
x 
90 
60 
Fi gure B.4 : Radiatio n pallerns for a monopole antenna at 900 MHz (le ft ) and 1900 MH z 
(rig hl) when placed close to Ihe spheri cal head . In thi s simulati on, the effect o f the 
combinat ion of the earring and ring we re investigated (xy-plane). 
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C.I Radiation patterns for a monopole antenna (xy-plane) 
(Chapter 5) 
y 
o 
y 
:;.o~-z .J _I 
__ mobile 
-0- head 
-.- head+hend 
y 
dB 180 
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Figure C. I : A monopo le anten na rad iation patterns at 900 M I-Iz (left) and 1900 MH z (ri ght) 
wilh and wi thoul lhe head and th e hand (xy-plane). 
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Figure C.2 : A 1110nopole antenna rad iation patterns at 900 MHz (left) and 1900 MI-Iz (right ) 
wi th and wi thout the head and the hand worn a ring (with and without the bangle) (xy-plane) . 
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Figure C.3 : Radiati on patterns for a monopole antenna at 900 Ml-lz (left) and 1900 Ml-l z 
(r ight) when place close to the SA M head (xy-plane). The earri ngs penetrate the ea rl obe in the 
model (a) \Vithout the hand. (b) with the hand and (c) wit h the hand wearing a ring and the 
bangle. 
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C.2 Radiation patterns for a PI FA antenna (xy-plane) 
(C hapter 5) 
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Figure C.4 : A PIFA radiation patterns at 900 M I-I z (left) and 1900 M I-I z (righl) with and 
without the head and the hand (xy-plane). 
y 
180 
150 
-90 
0 
Y 
z~ -120 
-90 
60 -60 
---4-- head 
-..- head+hend 
---+- he ad+hencltringm 
he ad+hencltringn +bong e 
-1 5 
y 
180 
o 
50 
Figure C.S: A PIFA radi ati on patterns a t 900 M I-Iz (le ft ) and 1900 Ml-l z (right) with and 
without the head and the hand worn a ring (w ith and witho ut the bangle) (xy-plane). 
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Figure C.6: Radialion pallerns ror a PIFA anten na al 900 MHz (Ien) and 1900 MH z (rigI1l) 
when place close 10 Ihe SAM head (xy-plane) . The earrings penelrale Ihe earlobe in Ihe mode l 
(a) wilhoul Ihe hand , (b) wilh Ihe hand and (c) \Vilh Ihe hand wearing a ring and Ihe bangle. 
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D.l Hand and fingers dimensions midd lc (m) 
ring (r) index (i) 
Table D. I : The hand and fin ger length o r 15 peopl e se lected randomly from the loca lity. ml 
r I 
litt le (I) 
"N<o--- distat 
m2 
./ thumb (t) 
\ 
The person who had his hand cast 
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Table D.2 : The hand and finger breadth of 15 people selected randomly from the locality. 
The person who had hi s hand cast 
0-2 
middle (m) 
ring (r) 
palm brc 
~distal 
+-- proximal 
Ihumb (I) 
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Table D.3: Compari son between the hand and fin ger dimension of an individual selected fro m the group of 15 to the U.S. Army anthropometric data 
( 1991)· 
I o:n~!h (111111) 
11.lI1d dllll~lhl\ln 1 S \JIll) P':I '11Tl1 ~ 1)11 
RIl.,dH I d t 
... 1IIlIIIII .... __ .. 
11 27.3 25.0 
litt le 12 17.5 17.0 
13 t9.9 19.0 
r I 29.6 28.0 
ring r2 24.3 26.0 
r3 25 .3 25.0 
m l 28.4 27.0 
middle 1112 26.4 26.0 
m3 29.0 29.0 
il 28.4 29.0 
index i2 22.6 24.0 
i3 24.3 24.0 
I1 34.5 32.0 
thumb 12 2 1.1 23.0 
13 14.0 
T. M. Grcincr. (Dec. 1991 , lIand anthropometry of U.S. army persollnel. Army NOIick Research De ve/opme11l and Engineering Cel1ler M1 
[hllp:llhondk.dlic.mi l/ l 00.21 A DA244533J . 
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D.2 Moulding processt 
Six pa rt of water to one 
a lgi nate was used for thi s 
hand phantom constructi on 
Add the alginate a bit at a 
time . Keep mi xi ng until the 
mi x gets very smooth 
The hand is moi stened be fore 
putting it in. Insert the hand 
slowly and work it around in 
the alginate to mllllllll ze a ll' 
bubbles. Strike the intended 
pose 
Mix the plaster as per the 
directions indicated by the 
manufacturer 
Remove th e alginate, using a 
wooden st ick to remove the 
smaller picces 
Measure the water and 
put into a container 
~ 
Weigh the alginate 
~ 
Mixi ng 
Put the hand in 
Wait for the alginate 
to set. Pull the hand 
out slowly 
M ix the plaster and 
pour lowly into the 
mold 
Wait overnight for the 
pl as ter to set up 
Remove the mo ld 
from the contai ner-
break the mold 
t Full instruction and figures can be found here: http://w\Vw.bngli fecasting.comldiy/hand/index.htllll 
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D.3 Dura Form Polyamide (PA)'" 
DllraForm Polyamide (PA) descriptions a nd tech nica l data, nylon materia l used to 
manufacture the hand phantom employed in this thesis. 
DuraForm® PA & GF plastic 
mSVSTfMS 
for use with a ll SLS' sy,tems 
APPLICATIONS 
Corop lu PfOduticn or pptct~e pblltic 
pu. 
Forn. fil a r (uKUoral prototwo!' 
ApPic~tionl W:lIUVniffOiSJ is requiml. 
H ..... .Uld chemical tuin-.uc.e taring 
S~~fh uaerrullell 
OunbW ra.tter:u br undcaslill: & .JkOOl 
tooting 
USE Le\'eI V1 Cf'I'tifia1 (orbrie' J]-Yivo 
expolur~ 
ParIS mqairingmxhinin& welding,or 
joinins w.th si •• 
3D SYSTEMS CORPO RATION 
Autom.tlcally prodoce dorable, high -quality 
thHmoplasti ( parts for functional use and t ts ting 
with Our .. Fo rm material and an SLS 'y'hm -
f rom 30 Systems 
BENEFITS 
OutstandinCJ fun C1lonal pe rfCl rman<. 
OunFOrB PA md DJI"a.fonn Gf plastio ur UH::I with SLS.ystems 
tD Jroouc. rugzOO. tlermcpLuti: pull tlu: Mth;;~C. ~l'U'M 
funcdon..ll us • .n both npId nunuf.a.urins.uxlprotct}'P~ 
.app.ic.atXns. Ir. addi:ion t3 ruggfll dulihi ty. Du.a Form PJ.. Uld GF 
mAarUls .abo produ~ hlgl quAity, c:mpcx p.ut:ll with aaI.len t 
5Urix~ tbish.nJ ffttUftdeQiJ. 
OunFOfl1l PA lII.lter..a.l ill uso IISP Lwel Vl c.a'ti.~ for brit! .,-Ow 
vcpoSUN:it un b. us",", for mcd&llllaod ~trin.{ 1W't,ic.u eavXes • 
.l1ld C,U'l 1» sterili.ud with an .autoc.lz.-e. 
Chco SQ OuraForm GF INIterial for "dV'fH lMtlng condltl ons. 
DunFom GF lI'Iablri.ll's i.c:re.ued stifnesl. he.1: ~Jisunct. and 
me::hanio.l inugrity rnakt it a. perfect mati!rw for e.r.renv lUting 
conlirions. As 11l enmpM. a co:a.nect:lr with sMp fiu. hing!!I an. 
lodcing emu p:oducrd with O~.aFor:n CF r('Cftltiy wilhstOOd 
tkmper.al.ww up to lWC Uld m el~ctrical ch.-r&Q o f .& GO Amps 
(twice the .unplr.lg"withrtood ~ tht fin.ilprodJctiDl pan). 
1:;111II!natt tooting and enJoy tne many btrw'ls of ra pId 
manufact uring 
COnIpanifl worldwa arolfol.a.iizinS tJw ber.efits :If r.apid 
IDarufacturing. and proch:cing «onomical b.uch-qw.ati 0.1 of 
DunPom PA plastic pMU with thelrSLS f)"tef'U fora v.u\ety 0( 
prodUCtlOl o1pF1ic.ttions. FroducinS bnd~qu.lntitiel cC pLutic part. 
u u ..... $l.!j _y'Lo::u. i ................ u ....... .d . r .. ,1.., ... J t..,..,Ji..uI 
m.u:.ufacturinsmethxl • and elimin..l:e. tolling time ,md cost. 
I...J ....... ~ i.ll~ ... lIwl)llwlJWS .. U.h. ",....] ,"",Juo.n VI .dillun .. 1A::Io 1..&1A." CVI 
.lSsanblyoper.rtiowcomfared Xl prwioultr~:ion.J 
rnAruf..:mr;"S ...... th;.d.a . \',.';th lool-I c.s~ .nU\uf.atturlng. df.lipl 
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